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Leveraging Numerical Linear Algebra for Robust Learning of Optimal H-
models from time-domain data

Michael S. Ackermann, Serkan Gugercin

Abstract

We investigate the optimal Hs approximation of a discrete-time, single-input single-output system
x[k + 1] = Ax[k] + bu[k]

with transfer function H(z) =c' (zI—A)" b, 1
= Tl (:) =< (:1- A) (1

where x[k] € R", u[k] € R, and y[k] € R are, respectively, the states, input, and output at time k;
A € R™™ b e R" and c € R". Even though we explicitly write the state-space matrices in (1), in
this work, we will never assume access to the system matrices, system state, or evaluations of the
transfer function, but only to time-domain input-output data

U=[u0]...u[T]]" € R and Y =[y[0]...y[T]]" € RT+1 (2)
Given the input/output data (2), we seek to construct a data-driven reduced-order model (DDROM)
x, [k + 1] = Ayx,[k] + brulk]

with transfer function H.(z) = crT zl, — A, _lbr, 3
yr[k] = C;rxr[k] ( ) ( ) ( )

where x,.[k] € R" is the reduced state, y,[k] is the reduced output, and A, € R"™" b, € R", and
¢, € R" with r < n. Specifically, we would like the DDROM (3) to minimize the Hy distance
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The optimal Hz reduced order modeling problem is of interest because the Hs error (4) provides a
bound on the output error for finite energy inputs [4], more specifically,

1y = yrllcee < NH = Hella,[ullz,- ()

The Realization independent Iterative Rational Krylov Algorithm (TF-IRKA) [5] constructs Ho
optimal DDROMs using only samples of the transfer function H (o) and H'(o) without explicit
access to the underlying dynamics. However, TF-IRKA requires repeated evaluations of H(z) and
H'(z) at a priori unknown points outside the unit disc, i.e., 0| > 1. In some settings, one cannot
actively re-sample H(z), but is only provided input-output time-domain data as in (2).

In a recent work by Burohman et al. [8], a new method to calculate transfer function evaluations
from time-domain data was presented. This method takes the form of a linear system relating the
transfer function value H (o) to the time domain data (U, Y):
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A similar linear system also relates H'(c) to the time-domain data (U,Y). While in exact arith-
metic (6) enables recovery of H(o) from time domain data (2), the numerics of the problem are
much more subtle. In particular, the stacked Hankel matrices are expected to be extremely ill-
conditioned [3, 6, 7], and the presence of 0™ in v, (o) could lead to overflow for large n and |o| > 1.
It is these numerical linear algebra considerations that we cover in this talk.

Consider the classical method to solve (6) via the singular value decomposition of the coefficient

matrix in (6)

TSUT [Hn(U) 0

We may then solve (6) by computing
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If the solution is computed as in (7), we expect the ill-conditioning present in the coefficient matrix
(and reflected in the singular values X)) to negatively affect the solution accuracy, especially if the
data in (U,Y) are noisy.

Our first contribution [1] makes use of the fact that we do not need to solve for the whole vector
in the linear system (6); indeed the information in & is not used at all; we only require the last
entry of the solution vector to recover H (o). This allows us to replace all but the last column in
the coefficient matrix of (6) by an orthonormal basis for their range and still recover the same last
component of the solution vector without needing to invert any singular values.

Theorem 1. Assume access to the data (2) and define

U = orth (EZE%D . (8)

Then, the solution to the new linear system
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has the same last component as the original linear system (6).

Therefore, the highly ill-conditioned stacked Hankel matrices may be replaced by an orthonormal
basis for their range without changing the last component of the solution vector. Note that this is
different than the solution formula (7) where the whole vector is constructed. While theoretically
equivalent, Theorem 1 does not require inverting (small/any) singular values as solving (6) via (7)
requires. The effect of Theorem 1 is quite dramatic, in some examples reducing the condition
number of the coefficient matrix from 10'6 to 10!. Another advantage of Theorem 1 is that when
one must recover H(o;) for many different o; (as is required for Hs optimality), the orthonormal
basis U may be precomputed once and recycled for many transfer function evaluations, reducing
the online runtime from O(n?) to O(n?).

While (9) offers great conditioning improvements over (6) when |o| = 1, the presence of o™ in 7, (o)
causes the coefficient matrix in (9) to be badly scaled when |o| > 1. As we seek to construct Hs
optimal reduced models, recovering H (o) where |o| > 1 is required. Exploration of this issue leads
to the problem of finding eigenpairs of a rank-one update to an orthogonal projection

QQ' + zz" (10)



where Q € C™*" is subunitary and z € C™ is arbitrary. In our work [2], we give explicit formulas
for the eigenvectors and eigenvalues of (10).

Theorem 2. Let Q € C™ ™ with m > n be subunitary and z € C™. Let u = QQYz and
v = (I-QQM)z. Assume ||v| # 0 and |Ju|| # 0. Then the extreme nonzero eigenvalues of
QQY + zz" are

1
A= 3 (1 + HzH2 + \/1 + HZH4 + QHZHQ _ 4HVH2> (11)
with associated eigenvectors
1
2ul? (1= I + ) & /AP = TP = 12 + 4[ulP[V]?) u + v. (12)

We remark that the expression for the smallest nonzero eigenvalue of QQ* 4 zz* appears similar to
the lower bound for the smallest eigenvalue of a perturbed Hermitian matrix found in [9]. While the
expressions are similar, we provide an ezact expression for the updated extreme nonzero eigenvalues
and associated eigenvectors under the additional assumption that the unperturbed matrix is an
orthogonal projection.

Clearly, Theorem 2 also gives the condition number of the matrix [Q z], which gives us a formula
for the condition number of the coefficient matrix in (9). Expressing this condition number formula
in terms of only ||z|| allows us to prove that normalizing z in (9) is the optimal scaling for (9). This
optimal scaling is extremely effective at further reducing the condition number of (9) and opens
the door for further analysis.

Results of this analysis include a connection between the underlying dynamical system (1) that
produced the data (2) and the condition number of the coefficient matrix in (9). Specifically, we
show that conditioning is worse when the relative derivative |H'(0)/H (o)] is large, a link that is not
unexpected from the definition of relative condition number for functions. This leads to a method
for preventing overflow in initial computation of ~, (o).

We will expand upon these contributions in the talk, and in addition will showcase the efficacy of
our final algorithm on benchmark examples. Comparisons with the TF-IRKA algorithm [5] show
that obtaining the data H(o) from time domain data (U,Y) does not degrade the approximation
quality. Also included in these examples will be a demonstration that we can construct Hs optimal
DDROMs from time-domain data obtained from a black-box PDE solver, an exciting indication
that we may not require data explicitly obtained from a discrete-time LTI system as in (1).
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Rational Interpolation, the Loewner Framework and the Kolmogorov
Superposition Theorem.

Athanasios C. Antoulas, Ton Victor Gosea, Charles Poussot-Vassal

Abstract

Problem #119, in [1], asks the question: Are there actually functions of three variables?

Stated differently: is it possible to use compositions of functions of two or fewer variables to express
any function of three variables? This question is related to Hilbert’s 13th problem: are there any
genuine continuous multivariate functions. As a matter of fact, Hilbert conjectured the existence
of a three-variable continuous function which cannot be expressed in terms of composition and
addition of two-variable continuous functions. For a recent overview of this problem, see [2].

For continuous function, the Kolmogorov Superposition Theorem (KST) answers this question
negatively. It shows namely that continued functions of several variables can be expressed as
composition and superposition of functions of one variable. Thus, there are no true functions of
three variables.

The present contribution presents connections between the Loewner framework for rational in-
terpolation of multivariate functions and KST restricted to rational functions. The result is the
formulation of KST for the special case of rational functions. As a byproduct taming of the curse
of dimensionality, both in computational complexity, storage, and last but not least, numerical
accuracy, is achieved.

Short summary of the Loewner framework. The Loewner framework is an interpolatory
approach designed for approximating linear and nonlinear systems. Reference [3] extends this
framework to linear parametric systems with an arbitrary number of parameters, in other words
to multivariate functions of n variables. One main innovation established is the construction of
data-based system realizations for any number of parameters. Equally importantly, [3] shows how
to alleviate the computational burden, storage and numerical accuracy, by avoiding the explicit
construction of higher dimensional Loewner matrices of size N x N. Instead, the proposed method-
ology achieves decoupling of variables, leading to (i) a complexity reduction from O(N?3) to below
than O(N'®) when N > 5 and (ii) to memory storage bounded by the largest variable dimension
rather than the product of all variable dimensions, thus taming the curse of dimensionality and
making the solution scalable to large data sets.

After defining a new multivariate realization, we introduce the higher dimensional multivariate
Loewner matrices and show that they can be computed by solving a coupled set of Sylvester
equations. The null space of these Loewner matrices then allows the computation of the multivariate
barycentric weights of the associated rational function. One of the main results of [3] is to show
how the null space of N-dimensional Loewner matrices can be computed using a sequence of 1-
dimensional Loewner matrices. This leads to a drastic computational burden reduction. This also
leads to the formulation of KST for rational functions. Finally, two algorithms are proposed (one
direct and one iterative) to construct, directly from data, multivariate (or parametric) realizations
ensuring (approximate) interpolation. For details on the above material see [3].

The purpose of this contribution is to make contact of the above results with the Kolmogorov
Superposition Theorem. For clarity of exposition we will illustrate the main features of our approach
by means of a three-variable example.



Example. Consider the three-variable function H(s,t,z) = tf;r% Since the degrees in each

variable are (2,1,1), we will need the integers 11 = 3, v9 = 2, and v3 = 2, This implies that
N = vjovg = 12. The right and left interpolation points are

81:1782:2, 83:3, t1:4,t2:5, $1:6,I2:7, and
sS4 =3/2, s5=5/2, s¢ =T7/2, t3=9/5, t4 =11/5, x3=13/3, x4 =5, respectively.

Following the theory in [3], the right triples of interpolation points are S = [s1, s2, s3] ®11 2®1; 2,
T=Ls®[t1, t2] 12, X =11 3® 12 ® [x1, Xx2] € C™N_ Thus the resulting 3D-Loewner
matrix has dimension N x N and the barycentric weights are

Bary = [ 35 5 -3 % % % % % % -5 -5 1]
Again, the theory in [3], allows the demposition of this vector in a (pointwise) product of barycentric
weights with respect to each variable, separetly. Thus decoupling the problem is achieved, one of
the important aspects of KST; in [3] we obtain:

Bary = Bary, © Bary, © Bary_,

where ® denotes the pointwise product. This is a special case of formula (5.5) in [3].

This is the key result which allows the connection with KST and taming the curse of dimensionality.
We have thus shown that the 3D multivariate function can be computed in terms of three 1D
functions (one in each variable). These functions are denoted below by ®(x), ¥(t) and Q(s).
Furthermore Lag,, Lag; and Lag, are the Lagrange bases components in each variable. Finally
W are the right interpolation values for the triples in S x T x X. The ensuing numerical values
are as follows:

- 167 p 119 F 19 9 F 1 9 17 1 9 1-
17 19 29 z—6 t—4 s—1 2
1 _17 19 1 1 1 9
19 29 =7 t—4 s—1 17
18 1 19 1 1 1 4
19 29 z—6 t—>5 s—1 9
1 1 19 1 1 1 9
29 x—7 t—5 s—1 19
20 7 48 1 1 1 17
a1 ] 29 -6 i—4 5—2 20 ®(x) = Baryx © Lagx,
1 _7 _ 48 1 1 1 19 def
8 29 z—7 t—4 s—2 21 —
B . | ) SR . N _ ¥(t) = Baryy © Lagy,
24 29 z—6 t—>5 s—2 23
! 1 a8 1 1 1 19 Q(s) = Barys ® Lag;.
29 =7 t—5 5—2 24
! 2% 1 1 1 1 7
25 29 z—6 t—4 s—3 6
1 _25 1 1 1 1 31
29 z—7 t—4 s—3 25
28 1 1 1
29 1 1 z—6 t—5 s—3 1
AR == A=A
—_—————  —— — — — — Y —
Bary,, Bary, Bary, Lag, Lag, Lag, W

With the above notation we can express H as the quotient of two rational functions:

8(5,6:7) = DiowsWORX) OB 0S| ilsitia) _ gy
&(s,t,x) B T

d(s,t,z) = Y iows [R(X) O ¥(t) © Q(s)]
Consequently, KST for rational functions, as composition and superposition of one-variable func-
tions, takes the form:

n(s,t,z) = > e exp[log W +log ®(x) + log ¥(t) + log (s) | } ()

d(s,t,x) = Y s €xP[log ®(x) + log ¥(t) +log Q(s)].



Some details of the above computation. To compute (i) Bary,, computation of the nullspace
of six 1D Loewner matrices of size 2 x 2 is needed, (ii) Bary,, computation of three 1D Loewner
matrices of size 2x 2 is needed, and (iii) Bary,, computation of one 1D Loewner matrix of size 3x is
needed. The resulting total computation using 1D Loewner matrices is v51vov3+v3vs+14 = 99 flops
as opposed to (v1v913)% = 1728 flops, when working with 3D Loewner matrices. For details on the
computational complexity, storage and numerical accuracy, we refer to [3]. Note also that the nD
Loewner matrix is of dimension 12 x 12 while in the 1D case, a maximum of 3 x 3 matrix is needed.

Comparison of KST and (*). A number of researchers have contributed in sharpening Kol-
mogorov’s original result, so currently is is often referred to as the Kolmogorov, Arnol’d, Kahane,
Lorenz and Sprecher Theorem (see [2], theorem 2.1). For simplicity we will follow [2] and state this
result for n = 3, so that we can compare it with (*).

Theorem. Given a continuous function f : [0,1]®> — R of three variables, there exist real num-

bers \;, i = 1,2, and single-variable continuous functions ¢y : [0,1] — R, k = 1,---,7, and a
single-variable function g : R — R, such that
7
flwr,w2) =Y g(r(@1) + Mdr(w2) + Aadp(w3)), Vw1, @2,23) € [0,1]°.
k=1

In the above result, A\; and ¢, do not depend on f. Thus for n = 3, eight functions are needed
together with two real scalars ;.

Similarities and differences between KST and (*).

1. While KST refers to continuous functions defined on [0, 1]", (*) is concerned with rational
functions defined on C".

2. In its present form (*) is valid in a particular basis, namely the Lagrange basis. Multiplication
of functions in (*), is defined with respect to this basis.

3. The composition and superposition property holds for the numerator and denominator. No-
tice that in KST no explicit denominators are considered. This is important in our case
because (*) preserves interpolation conditions.

4. The parameters needed are n = 3 Lagrange bases (one in each variable) and the barycentric
coeflicients of numerator and denominator.

5. Both KST and (*) accomplish the goal of replacing the computation of multivariate functions,
by means of a series of computations involving single-variable functions, KST for general
continuous functions and (*) for rational functions. Notice also that (*) provides a different
formulation of the problem than KST.
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Collect, Commit, Expand: an Efficient Strategy for Column Subset
Selection on Extremely Wide Matrices

Robin Armstrong, Anil Damle

Abstract

The column subset selection problem (CSSP) appears in a remarkably wide range of applications.
For example, point selection problems that arise in model order reduction [5], computational chem-
istry [7], spectral clustering [8], low-rank approximation [6, 13], and Gaussian process regression [15]
can all be treated as instances of CSSP. Given a matrix A € R™*™ and a target rank & < min{m, n},
CSSP seeks to find a set of k& columns from A that are “highly linearly independent.” A more formal
statement, using the framework of rank-revealing QR factorizations [4, 11, 12], is that algorithms
for CSSP produce an index set S € [n]* satisfying

MAX j ¢ ]k Omin(A(:, J)) 0
q(n, k)

for some low-degree bivariate polynomial q. The Golub-Businger algorithm [3], which uses al-

ternating column pivots and Householder reflections to compute a column-pivoted QR (CPQR)

factorization AIl = QR, is widely used for this problem. After running this algorithm, choosing

A(:,S) = AII(:, 1 : k) results in an S which does not provably satisfy (1), but which nearly always

brings omin(A(:, S)) reasonably close to its maximum.

Omin(A(:,S)) >

We seek to address a computational bottleneck in the Golub-Businger algorithm that results from
sequential application of Householder reflections with level-2 BLAS. Most existing solutions to this
problem involve reducing the number of rows manipulated with BLAS-2. For example, the CPQR
factorization routine in LAPACK reflects only as many rows as are needed to determine a small
block of pivot columns, deferring the full Householder reflection to a later application with BLAS-3
[16]. There also exists a large class of randomized algorithms that apply standard CPQR routines
to sketched matrices with far fewer rows [6, 10, 14, 17]. We, however, are interested in problems
where the difficulty arises not from the number of rows, but from the number of columns. For
example, spectral clustering generates instances of CSSP where each row represents a cluster and
each column represents a data point [8], meaning m may be several orders of magnitude smaller
than n. In these applications, reducing the number of rows being manipulated with BLAS-2 does
not address the main bottleneck.

We will demonstrate a new CPQR-based column selection algorithm that effectively mitigates the
BLAS-2 bottleneck for matrices with far more columns than rows. Our algorithm divides columns
into a “tracked” set, where residual column norms are recorded, and an “untracked” set, where
only overall norms are recorded. Pivot columns are selected in blocks, and each block is selected
using a three-step strategy:

1. A “collect” step assembles a small number of candidate columns from the tracked set, and
forms a conventional CPQR factorization of the candidates.

2. A “commit” step uses the CPQR factors to identify a set of provably “safe” pivots from among
the candidates, and updates only the tracked columns according to the new pivots.

3. An “expand” step moves a small number of columns from “untracked” to “tracked,” setting
up for a new round of candidates to be chosen in the next block.

We call this algorithm CCEQR (“Collect-Commit-Expand QR”).



n | GEQP3 Runtime (s) | CCEQR Runtime (s)
10° 1.9x10°° 81x107°
103 2.7 x 107* 3.7x107%
10* 1.8 x 1073 7.5 x 107*
10° 1.8 x 1072 3.7x 1073
10° 4.0 x 1071 4.5 x 1072

Figure 1: Average runtimes of GEQP3 and CCEQR (over 20 trials) on matrices of size 20 x n, for
increasing n. Test matrices were generated from a spectral clustering problem, and correspond to
Laplacian embeddings of n data points drawn from a 20-component Gaussian mixture model.

CCEQR is fully deterministic, and unlike CPQR-based column selection algorithms which dis-
tribute the column load across several parallel processors [1, 2, 9], it provably selects the same
basis columns as the Golub-Businger algorithm (assuming no ties between residual column norms).
Using test problems from domains such as computational chemistry, model order reduction, and
spectral clustering, we will demonstrate that CCEQR can run several times faster than the stan-
dard LAPACK routine (GEQP3) for matrices with an unbalanced column norm distribution. For
example, Figure 1 shows that CCEQR can run as much as 10 times faster than GEQP3 for certain
spectral clustering problems. We will also show that CCEQR and GEQP3 have essentially the
same runtime for large unstructured problems, such as Gaussian random test matrices.
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Numerical Linear Algebra on Quantum Computers Made Simple

Haim Avron, Lior Horesh, Liron Mor-Yosef, Shashanka Ubaru
Abstract

The field of quantum computing offers a unique opportunity to revolutionize numerical linear al-
gebra and scientific computing. This is due to the capability of quantum computers to efficiently
model complex structures, and their ability to represent and act on high dimensional vectors and
matrices using exponentially fewer qubits. These advantages arise due to the principles of super-
position and entanglement inherent to qubits.

However, the current landscape of quantum computing research emphasizes intricate, tailor-made
circuit designs, created in an adhoc manner for specific mathematical challenges. While such state-
of-the-art quantum algorithms offer a powerful approach by translating various computations into
circuits, their development not straightforward. Development often requires significant “circuit
engineering” to achieve the desired mathematical outcomes. In this talk, I will discuss our recent
progress on developing a unified and systemic approach to utilizing quantum computing for numer-
ical linear algebra. Our research centers around a novel Quantum Linear Algebra (qLA) framework
offering fundamental matrix algebra building blocks, akin to BLAS — but for Quantum Computers.

The motivation is to make progress toward harnessing the power of quantum computing to per-
form linear algebra operations efficiently, while enabling seamless development of numerical linear
algebra algorithms utilizing quantum computers. Even though quantum computing offers, in prin-
ciple, the potential for exponential improvements in runtime and storage complexity, for linear
algebra operations even modest gains are valuable and seemingly much more realistic. Indeed, even
seemingly minor efficiency improvements, such as reducing from O(n?®) to O(n?) the complexity
of core operations like matrix-matrix product, can have significant real-world impact. This makes
quantum numerical linear algebra a highly promising area for exploration. Developing a high-level
framework for quantum linear algebra algorithms is key to unlocking qNLA’s potential in scientific
computing and machine learning. Such a framework would empower developers by hiding low-level
circuit complexities, ultimately accelerating progress in this exciting field.

The qLA framework is designed to provide a high-level interface for writing and executing linear
algebra subroutines by translating mathematical formulas directly into quantum circuits. While
qLA-based algorithms are classical to classical, they will produce circuits specifically intended for
efficient execution on quantum computers. The framework enables a wide range input models,
a broad range of matrix algebra operations, and facilitate seamless circuit design. Beyond its
core functionalities, the framework is developed so that it can be leveraged to design quantum
algorithms for scientific computing and machine learning problems, particularly those problems
involving computationally intensive linear algebra operations. The talk will discuss both the al-
gorithms and functionalities within the qLA framework, and how they can be leveraged to design
novel quantum algorithms.

An initial version of the qLA framework, called quantum Matrix States Linear Algebra (¢QMSLA), is
described in our accepted manuscript [1]. gMSLA focuses on a single input model: state preparation
circuits (the term will be explained in the talk), and provides a minimal set of linear algebra
operations that can be used to design quantum algorithm for estimating multivariate traces, i.e. the
trace of products of matrices. In the talk, I will discuss our recent work on expanding this framework
with additional input models (block encoding and density preparation circuits), a comprehensive
list of foundational matrix algebra operations, and the relation between input models.
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Some Modified Matrix Eigenvalue Problems

Zhaojun Bai

Abstract

This is the title of well-known numerical linear algebra survey article by Gene Golub published in
1973 [1]. The article covers a range of matrix eigenvalue problems which require some manipulations
before the standard algorithms may be used. I am using the same title to consider a new set of
modified matrix eigenvalue problems. This includes constrained and bi-level optimizations arising
from algorithms for fairness in machine learning, such as spectral clustering with group fairness
[2] and fair principal component analysis [3]. We also consider eigenvalue optimization via 2D
eigenvalue problem with applications to the calculation of the distance to instability among others
[4], and stationary values of a quadratic form subject to non-homogeneous linear constraints for
applications such as image segmentation with constraints [5]. I will discuss how to explore the
underlying structures of these problems to turn them into our familiar eigenvalue problems and
algorithms. This talk is based on joint work with Ian Davidson, Aaron Davis, Ren-Cang Li, Ding
Lu, Tianyi Lu, Junhui Shen, Yangfeng Su, Ji Wang, and Yunshen Zhou.
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Accelerating Randomized Tensor Decompositions
using Structured Random Matrices

Grey Ballard
Abstract

Tensor decompositions are generalizations of low-rank matrix approximations to higher dimen-
sional data. They have become popular for their utility across applications—including blind source
separation, dimensionality reduction, compression, anomaly detection—where the original data is
represented as a multidimensional array. In this talk, I will focus on randomized methods for
computing Tucker and Tensor Train (TT) decompositions. The kernel computation is computing
a sketch of an unfolding/matricization of the tensor, and we impose structure on the random ma-
trix in order to exploit structure in the tensor unfolding and reduce computational cost. I will
discuss theoretical results on the accuracy of these approaches, their accuracy in practice, and the
performance improvement they achieve over deterministic methods.

The TT format is useful in particular for tensors of many modes, including representing approxima-
tions to the solution of certain types of parametrized partial differential equations. The fundamen-
tal operation used to maintain feasible memory and computational time is called rounding, which
truncates the internal ranks of a tensor already in TT format. I will present multiple randomized
algorithms for this task that are generalizations of randomized low-rank matrix approximation al-
gorithms and provide significant reduction in computation compared to deterministic TT rounding
algorithms. We achieve computational efficiency by using random matrix sketches that mirror the
TT format of the input tensor. Randomization is particularly effective in the case of rounding a
sum of TT tensors, which is the bottleneck computation in the adaptation of GMRES to vectors
in TT format. In this talk, I will present the randomized algorithms, compare their empirical
accuracy and computational time with deterministic alternatives (including results from [1]), and
discuss recent progress on probabilistic error analysis of the algorithms.

I will present two Tucker decomposition algorithms that scale to large data (and many processors),
significantly reduce both computation and communication cost compared to previous deterministic
and randomized approaches, and obtain nearly the same approximation errors. The key idea in our
algorithms is to perform randomized sketches with Kronecker-structured random matrices, which
reduces computation compared to unstructured random matrices and can be implemented using a
fundamental tensor computational kernel. I will state probabilistic error analysis of our algorithms
and present a new parallel algorithm for the structured randomized sketch. Our experimental
results demonstrate that our combination of randomization and parallelization achieves accurate
Tucker decompositions much faster than alternative approaches. We observe up to a 16x speedup
over the fastest deterministic parallel implementation on 3D simulation data [2].
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The Akhiezer iteration for matrix functions and Sylvester equations

Cade Ballew, Thomas Trogdon, and Heather Wilber
Abstract

We consider the computation of matrix functions f(A) when the eigenvalues of A are known
to lie on or near a collection of disjoint intervals > C R. The Akhiezer iteration is an inverse-
free iterative method for this task that arises via an orthogonal polynomial expansion of f on X.
When ¥ consists of two or more intervals, extensions of the Chebyshev polynomials, often called
the Akhiezer polynomials, are employed. This method is an extension of the classical Chebyshev
iteration and an effective implementation of the ideas of Saad [7].

The Akhiezer iteration relies on orthogonal polynomial recurrence coefficients and Cauchy inte-
grals. Importantly, orthonormal polynomials {p; };";O with respect to a weight function w satisfy a
symmetric three-term recurrence

xpo(x) = aopo(x) + bop1 (),
zpj(x) = bj_1pj_1(x) + a;pj(x) + bjpjy1(x), j>1,

(1)

for some recurrence coefficients {a;}32,, {b;}52, where b; > 0 for all j. The Cauchy integrals of
these polynomials are defined by

Cxlpjw](z) = 1/21)](8)10(8)&9

27 s—z

As a particular example, consider ¥ = [ay,b1| U [ag,bs], b1 < az. The orthonormal polynomials
with respect to the weight function

o 1 1 VI — b1
w(z) = ™ =(2) Vby — x\/T — aj\/T — as’
were constructed by Akhiezer in [1]. The construction gives an explicit formula for these polynomials
in terms of Jacobi elliptic and theta functions. From this formula and derivation, formulae for their
recurrence coefficients and Cauchy integrals can be derived [2]. When explicit formulae are not
known, e.g., when ¥ consists of more than two intervals, N pairs of recurrence coefficients and
Cauchy integrals can be computed in O(NN) operations via the numerical method of [3].

Given a function f that is analytic in a region containing 3, let pg, p1, ... denote the orthonormal
polynomials with respect to w. Then, for x € ¥, a p;-series expansion for f is given by

f(z) = a;pi(z), o= [ f(z)pj(z)w(z)d.
JZ:% P /Z P

For a matrix A with eigenvalues on or near X, this extends to an iterative method for computing
f(A) by truncating the series:

00 k
FA) = a;pi(A) ~ ) a;pj(A) = Frpy. (2)
j=0 J=0
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The coefficients {a;}32, and polynomials {p;(A)}22, can be generated via Cauchy integrals and
recurrence coefficients, respectively. Applying (1), the polynomials are generated as follows:

po(A) =1,
pi(A) = ;- (Apo(A) — aom(A))
pi(A) = b,ll(Apj—l(A) —aj—1pj-1(A) —bj2pj—2(A)), Jj=>2.

Let I' be a counterclockwise oriented curve that encloses the spectrum of A such that f is analytic
in a region containing I'. Then,

o= [ @i = [ (o [ L5 as) pi@as

2mi Jrz —x

Applying a quadrature rule with nodes {z;};>, and weights {w,}}”, to the inner integral, the
coefficients can be approximated via Cauchy integrals as

1 m
s —
J /22ng

Assuming that one has access to such an approximation, the truncated series (2) can be implemented
as an iteration as in Algorithm 1. The resulting method has a computable and provable geometric
rate of convergence that is independent of the dimension of A and governed by the classical exterior
Green’s function with pole at infinity from potential theory. We remark that once the coefficients
aj are known, this algorithm is the same for all matrix functions.

i(jglpe(x)w(x)dx == f(z)Cspjw](z0)-
=1

Algorithm 1: Akhiezer iteration for matrix function approximation

Input: f, A, and functions to compute recurrence coefficients ag, by, and pg-series coefficients

L.
Set Fg = 0.
for k=0,1,.. do
if k=0 then

‘ Set Po =1
else if k=1 then
‘ Set P1 = %(APO - aoPQ).
else
‘ Set Py = 71— (APy_1 — aj_1Py_1 — by_2Pj_2).

b1

end
Set Fii1 = Fr + apPy.
if converged then
| return Fp;.
end

end

A particular application pertains to the solution of Sylvester equations of the form

XA - BX = C, (3)
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Runtime (seconds)

n | Akhiezer | Factored ADI | Bartels—Stewart
100 0.0639 0.0116 0.0060
500 0.2263 0.3939 0.2836

1000 0.4947 1.9799 1.8147
1500 0.8297 4.8730 6.5464
2000 1.3224 9.6079 21.3945

Table 1: Runtime for solving (3) to full precision where A € R™*™ has spectrum contained in [2, 3],
B € R™ ™ has spectrum contained in [—1.8, —0.5], and C is rank 2.

where the spectra of A € C™*" and B € C"™*™ lie in known intervals. If these intervals are disjoint,
the unique solution X to (3) is the lower left block of the matrix

sien (& ) @

where sign evaluates to 1 on the spectrum of A and —1 on the spectrum of B [6].

Algorithm 1 can be directly applied to compute (4); however, its naive use requires the computation
of potentially dense matrix-matrix products and blocks that are irrelevant to the approximate
solution. In the case where C = UV is low-rank, this can be circumvented by deriving an equivalent
iteration for only the relevant block entry, writing updates in block form and compressing at each
iteration.

Such an implementation is effectively O(n?) for A, B € C"*", as it requires only matrix-vector
products and the compression of low-rank objects. In contrast, when the coefficient matrices are
dense, rational methods and direct solvers will typically be O(n3). We compare timings of such
an implementation with the Bartels—Stewart algorithm [4] and factored Alternating-Directional-
Implicit (ADI) iterations [5] in Table 1. The lower computational complexity is reflected in these
timings, as the Akhiezer iteration has a shorter runtime than competing methods when n > 500.
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On the Computation of the Maximum Conic Singular Values

Giovanni Barbarino, Nicolas Gillis, David Sossa

Abstract

Let Cyq denote the set of nonzero closed convex cones in R%. Let A € R™*" and (P, Q) € Cy, X Cy.
The nonconvex optimization problem

min (u, Av), (1)
w€ P ull =1,
veQ, vl =1

has been studied in depth in [1], mainly from a theoretical point of view. Any critical (stationary)
point (u,v) of (1) satisfies the KKT optimality conditions

P>ul (Av—ou) € P*,
Q3v Ll (ATu—ov) € Q¥ (2)
Jull =1, [lvll =1,

for some real Lagrange multiplier o, where P* and Q* are the dual cones of P and @, respectively.
Observe that when P = R™ and @@ = R", (2) provides us the (classical) singular values of A.

The model (1) covers many interesting optimization problems. Some of them are: maximal angle
between two cones [2], obtained when m = n and A = I,,, expressed by

min (u,v);
w€ P, lull =1,
vEQ, vl =1

cone-constrained principal component analysis or Pareto singular values [3,5], in which the two
cones are the positive orthants of the respective spaces as in P = R and @ = R}, formalized as

min (u, Av);
u >0, |lull =1,
v >0, vl =1

nonnegative rank-one factorization matrix [4], equivalent to the Pareto singular value problem, and
written as
in || M —uv'||F.
oin M — vl
The above problems can be proven to be in a descending order of complexity. Since the last
formulation in particular can be used to solve the Maximal Edge Biclique Problem, this leads to
the conclusion that all the above models are NP-hard to solve.

We will discuss the linear algebra techniques used to reduce each problem to the following one,
with a focus on sufficient conditions needed for each problem to be instead solved in polynomial
time.

An exact (and thus necessarily exponential time) brute force active set algorithm is presented. Its
proof of correctness is based on the observation in [1] that when we restrict the problem on the
relative interior of the faces of the cones P and @, then the relations (2) reduces to a generalized
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eigenvalue problem with additional constraints. This can be solved with classical techniques, with
some careful handling in case of eigenvalues with relative eigenspace of dimension more than one.

We will describe the algorithm with a focus on how to cut computational cost through the study
of the stationary points of the problem in order to distinguish minima from saddle points.

We compare the active set algorithm with an exact non-convex quadratic programming solver, that
relies on the McCornick relaxation to solve the problem, and thus performs well in case of sparse
problems.

Moreover, we show two additional iterative algorithms to solve the general problem, an alternating
method with extrapolation and a fractional programming method. These are methods that are
only guaranteed to converge to stationary points, and cannot certify the minimality of the solution
they find.

We discuss and illustrate the use of these algorithms on several examples, as in the computation
of maximal angles between the Schur cone and other cones or the computation of maximal edge
bicliques.

We show how they can lead to rigorous proofs or new conjectures in special cases, such as the
maximal angle between the cone of positive semidefinite matrices and the cone of nonnegative
symmetric matrices.
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Deflation for the Half-Arrow Singular Value Decomposition

Jesse L. Barlow, Stanley FEisenstat, Nevena Jakovcevié Stor, and Ivan Slapnicar

Abstract
A half-arrow matrix I’ has the form
_ U g n
F = <0T p>7 gERa PGRa (1)
v = diag(@bl,...,wn), 1,&121,&2221[)"20 (2)

We consider the problem of determining which of the diagonals of W are close to singular values
of F' and how these values can be deflated efficiently. Such deflation techniques were explored in
the “conquer” stage of the divide-and-conquer bidiagonal SVD algorithms given by Jessup and
Sorensen [9] and Gu and Eisenstat [7].

A version of the algorithm in [9] is coded in the LAPACK [1] subroutine dlasd2.f [10] as a part of
the bidiagonal SVD subroutine dbdsbec.f [1, p.208].

The SVD version of the Cauchy interlace theorem [6, Corollary 8.6.3] states that the singular values
01,...,0n+1 Of F satisfy

U]Z¢]20]+17 ]:]-avn (3)

Interpretating a result in [13, p.95], Jessup and Sorensen [9] point to three cases where 1, is a
singular value of F"

e« Casel: g; = e;frg =0, then (¢;,ej,e;) is a singular triplet of F;

e Case II: ¥; = 0, so we let Gy41,; be a Givens rotation affecting rows j and n + 1 whose
non-trivial part is defined by

c —s g \_ (0 s =1,
s ¢ p P p=E\g 7

F == Gn+]_7jF

and we have that
has the singular triplet (0, e;,e;);

o Case III: 7); = 9; for some i # j, so we let G;; be a Givens rotation affecting rows ¢ and j
where the non-trivial part of G;; is defined by

c s g\ _ 3gj A+s2=1
-5 c gj 0 )" g ==+97+97

F =G;;FG}

and we have that

has the singular triplet (v, e;, ;).
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In all three cases, the computation of the SVD of F is reduced to that of computing the SVD of
a lower dimensional half-arrow matrix. If none of these deflations is possible for any j, then from
[13, p.95], we have the strict interlacing property

Uj>’lbj>0j+1, j=1...,n. (4)

The deflation strategies in [9, 7] are based upon the idea that one of these three cases applies
to a matrix near F. We model these strategies as follows: we compute a value yg such that
|F]l2 < vF < V2||F||2, and let 7 be a small value, usually O(eys) where €/ is the machine unit.
In some applications, 7 may be an acceptable level of error.

Corresponding to the three cases for when ); is a singular value of F', we can deflate g; in the
following three cases:

1. If
lgj] < TyF (5)
we simply set g; to zero;
2. If
Yilgil .
gi +p°

then we apply the Givens rotation G, 11 to rows n + 1 and j setting g; to zero producing
F+06Fui15 = Goi1jF, [[6Fut1gllz < V27yp (6)

where F is a half-arrow matrix with ¥ unchanged;

3. If

959
Siil < TR, 6 = b 7
|0ij| < TvF ij 91‘2-1‘9]2-(% ¥;5) (7)
and |g;| < |gi|, then we apply the Givens rotation G;; to rows i and j setting g; to zero
producing 3
F+0F; =Gy FGY, ||6Flla < V2rye (8)
where F is again a half-arrow matrix with ¥ unchanged. If (7) holds and |g;| > |gi|, we set
g; to zero in an analogous manner.

The deflations (5) and (8) are discussed in [9, 7] and the deflation (6) is discussed in [9].

We enhance the appproach in [9, 7] and in the LAPACK routine dlasd2.f [10] by producing a
better deflation algorithm that is still O(n) operations. We also show that if for a particular value
of j, g; cannot be deflated by (5) or by (6) or by (8) for any ¢ # j, then

aj—aj+1>7"yp/\/2n+1. (9)

However, the only algorithm we give with that guarantee for all j has a worst case complexity
proportional to n?. If we weaken these conditions, so that there is no index i such that |i — j| < q,
and we have (8), then

o — o1 > V2riqyp + O( ' yp). (10)
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The algorithm we recommend is a hueristic proposed here with worst case complexity proportional
to n, the same asymtotic complexity as the LAPACK procedure, but with better deflation guaran-
tees. It acheives (10) with ¢ = 2 for all j. Bounds similar to (9) and (10) are not possible for the
singular values of deflated structure matrices, for instance, there are no such bounds for bidiagonal
matrices.

In light of work by Demmel and Gragg [4] that formulated an algorithm to compute the nonzero
singular values of F' to near relative accuracy, we formulate and analyze versions of the deflations
in (5) and (8) that preserve relative accuracy in the singular values.

By choosing vr to be within a constant factor of ||F||2, these deflations produce no more error in
the singular values than would be expected of a normwise backward stable algorithm for finding
the SVD of F. However, for algorithms to compute the SVD of F', deflation gives us dimension
reduction and speeds up the algorithms in [9] and [7]. The LAPACK routine dlasd2.f uses only
the first and third types of deflation.

Two other applications for this kind of deflation have been investigated. The first is in is SVD-
based regularization approaches given in [8, §4.3] and [11]. The second is in the implementation of
a Krylov-Schur implementation [2, 12] of the Golub-Kahan-Lanczos SVD algorithm [5].

This is a continuation of work in [3].
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Learning Globally Stable Dynamics — a Matrix-theoretic Perspective

Peter Benner, Pawan K. Goyal, Siddarth Mamidisetti, Igor Pontes Duff, Stleyman Yildiz

Abstract

1 Motivation

The identification of dynamical systems from data has been considered for several decades, basi-
cally ever since Cybernetics emerged as a discipline from the wider research area of systems theory
[Wiener (1948)]. In systems and control theory, system identification is an important and widely
used technique in computer-aided control system design, available in any relevant software pack-
age, see, e.g., [Ljung (1999), Sima and Benner (2007), Benner et al. (2010)]. Nevertheless, most
available identification tools are for linear systems, and do not necessarily consider constraints like
stability or other physical properties. On the other hand, due to the advance of machine and deep
learning methods, learning dynamical systems from data, in particular nonlinear systems, has re-
cently become a field of renewed and massively growing interest. This is due, on the one hand,
to the vast availability of measurement data in areas like the Earth system (weather and climate),
biology, sociology, traffic etc., where traditionally no first principle mathematical models are avail-
able, but models are needed for prediction, while, on the other hand, the massive advancement
in computational power nowadays allows to study large data sets using methods from artificial
intelligence.

Nevertheless, the trajectories of time-dependent problems are often constrained by underlying
physical principles that are usually not respected by classical black-box methods in machine and
deep learning. Thus, physics-informed and physics-enhanced or ”scientific” machine learning have
emerged as new subdisciplines in the computational sciences and engineering and applied math-
ematics. Here, we will study in particular the stability of learned dynamical systems. In other
words, we answer the question how to guarantee that the learned model of a dynamical system
has desired stability properties, where we assume that some prior knowledge about the expected
stability class is available. We show that stability constraints can be hard-coded into the learning
model to guarantee, e.g., (asymptotic/Lyapunov/exponential) stability of linear systems, global
asymptotic stability of nonlinear systems, and global stability of Hamiltonian systems. The used
ideas stem from partially simple and obvious results in the theory of matrices and tensors. We will
show that explicit parameterizations of the learned operators (matrices and tensors) defining the
dynamical systems lead to constrained least-squares problems that can be solved using optimization
routines that are now widely available in all software stacks for machine learning.

Exemplarily, we will demonstrate this approach for linear, uncontrolled, systems. In the talk, we
will focus on the more challenging problems for nonlinear systems.

2 Learning Stable Linear Systems

Consider uncontrolled linear systems of the form

#(t) = Az(t),  2(0) = o, (1)
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where A € R™ " z(t) € R" is the state of the system at time ¢ > 0, & denotes the derivative of z
with respect to time, and x¢ € R" is the initial value.

If time-series data for x(t) and @(t) are available, i.e., we have measured or computed vectors
xo=x(0), x1==x(t1), ..., z¢p=2x(t)

and
wo=2(0), @y =a(t), ..., wp=i(t)

at a sequence of time points tg = 0 < t1 <ty < ... < ty, then a very simple way to infer the matrix
A from the available data is to set up a linear least-squares problem using the data matrices

X = [zo,..., 1 € R

X' = [xp,...,2p) € R
For (1), a possible formulation of an operator inference problem (Oplnf) is then
A, = argmin 4 || X’ — AX||% + R(A) (2)

with a potential regularization term R(A), e.g., for classical Tikhonov regularization (aka “ridge
regression” in the machine learning community) R(A) = B||A||%, where 3 > 0 would be a regu-
larization parameter. Here, one might also use a sparsity-promoting norm, e.g., R(A4) = S| 4|4,
g = 0,1. Note that for 5 = 0, or in general, R(A) = 0, (1) represents a standard linear least-squares
problem, as the Frobenius norm turns into the standard Euclidian vector norm once X’ — AX is
vectorized. From this, it is also obvious that this becomes a classical overdetermined system once
¢ > n. Then minimization problem (1) can be solved using classical solution methods for linear
least-squares problems like pivoted QR factorization or singular value decomposition (SVD).

The Oplnf framework described so far has seen numerous applications and extensions in recent
years. One of its major drawbacks still is that the inferred models can not be guaranteed to be
stable (regarding local or global, asymptotic or Lyapunov stability) even if it is known that the
data-generating model has a certain stability property. Some stability promoting weak enforcement
strategies have been suggested, see, e.g., [Kaptanoglu et al. (2021)], but so far no certified stable
models could be produced using the Oplnf problem (2). Our goal is to introduce a parametrization
of stability directly in the least-squares problem and in this way to obtain guaranteed stable models,
following [Goyal et al. (2023b)]. Note that a very similar idea is also used in model reduction
methods for port-Hamiltonian systems [Schwerdtner and Voigt (2023)].

The inference of asymptotically stable linear models with guarantee is based on the following
somewhat surprising result, that was stated in [Gillis and Sharma (2017)], whereby related partial
results can also be found in earlier literature. First, note that asymptotic stability of linear systems
of the form (1) is fully characterized by the spectrum of A, A(A), and in particular by the property
that A(A) € C, i.e., that the spectrum of A is fully contained in the open left half of the complex
plane. The proof of the theorem is entirely based on this characterization.

Theorem 2.1 ([Gillis and Sharma (2017)]). A matriz A € R™*" is asymptotically stable (Hurwitz,
Lyapunov stable) if and only if it can be represented as

A=(J-R)Q,

where J = —JT and R = RT, Q = QT are both positive definite.
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Now, it is straightforward to replace the linear least-squares problem (2) by the following inference
problem:
(Joy Ry, Q) := argmin ,__,r || X' = (J - R)QX|% + R(J,Q, R). (3)

R=RT >0
Q=QT0

Unfortunately, this problem is relatively hard to solve due to the positive definiteness constraints.
Therefore, in [Goyal et al. (2023b)], we suggest to use the following parametrization:

J=8-5T R=L"L Q=KT"K,

where S € R™"™ is a general square matrix and L, K € R"*" are upper-triangular matrices (or
Cholesky factors). Then the OpInf problem for linear systems becomes

(Sy, Ly, K,) = argminc,i uper <||X’ — (8 -ST - L"D)KTKX|% +R(L, K, 5)). (4)

triangular
If this problem can be solved, the obtained matrix
A= (S.— ST —LTL) K!K,

is guaranteed to be asymptotically stable due to Theorem 2.1 and solves (2) under the asymptotic
stability constraint. The price paid for inferring a model with stability certificate is that even for
a zero regularizer, the inference problem (4) is nonlinear in the entries of L, K. Fortunately, with
the advance of machine learning methods, such problems can be solved using (stochastic) gradient
descent methods implemented in tools like PyTorch.

In our talk, we will describe how this result and the related stability-guaranteed Oplnf problem can
be extended to controlled systems & = Ax+ Bu, where w is a control input [Pontes Duff et al. (2024)]
and to parameter dependent systems, where A = A(u) depends on a parameter vector pu € R.

3 Outlook: Nonlinear Systems

While for linear systems, local and global stability as well as asymptotic, Lyapunov, and exponential
stability concepts are equivalent, these have to be distinguished for nonlinear systems. Obviously,
using the parametrization of A from (4) to an operator inference problem for a nonlinear system
with linear part Az(t), the inferred system will be locally Lyapunov stable with Lyapunov function

V(z) = %a:TQx.
In [Goyal et al. (2023a)], we additionally study the identification of globally Lyapunov stable
quadratic systems as well as systems with bounded domain of attraction. This is again based
on explicit parameterizations of matrices and tensors. These results will be presented in the talk as
well as ideas on how to guarantee global stability of Hamiltonian systems, where we employ tech-
niques from deep learning and elementary properties of symplectic matrices [Goyal et al. (2023c)].
The theoretical findings will be illustrated by several numerical examples.

"ttps://pytorch.org/
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Improved Spectral Density Estimation via Explicit and Implicit Deflation *

Rajarshi Bhattacharjee, Rajesh Jayaram, Cameron Musco, Christopher Musco, Archan Ray

Abstract

We study algorithms for approximating the spectral density of a symmetric matrix A €
R™*™ that is accessed through matrix-vector products. By combining an existing Chebyshev
polynomial moment matching method with a deflation step that approximately projects off the
largest magnitude eigendirections of A before estimating the spectral density, we give an eoy(A)
error approximation in the Wasserstein-1 metric using O(¢logn + 1/¢) matrix-vector products,
where 0¢(A) is the (" largest singular value of A. When A exhibits fast singular value decay,
this can be much stronger than prior work, which gives error eoq (A) using O(1/€) matrix-vector
products. We also show that our bound is nearly tight: Q(¢ + 1/€) matrix-vector products are
required to achieve error eoy(A).

We further show that the popular Stochastic Lanczos Quadrature (SLQ) method matches
the above bound, even though SLQ itself is parameter-free and performs no explicit deflation.
This explains the strong practical performance of SLQ, and motivates a simple variant that
achieves an even tighter error bound. Our error bound for SLQ leverages an analysis that views
it as an implicit polynomial moment matching method, along with recent results on low-rank
approximation with single-vector Krylov methods. We use these results to show that SLQ can
perform implicit deflation as part of moment matching.

1 Introduction

Given a symmetric matrix A € R™" with eigenvalues A\1(A),... \,(A), the spectral density of A
is defined as:

sa(z) = % 25(56 = Ai(A)),
i=1

where §(.) is the Dirac delta function. The spectral density sa can be computed directly by
performing a full eigendecomposition of A in O(n®) time, for w & 2.37 being the exponent of fast
matrix multiplication. However, when A is very large or where A can only be accessed through a
small number of queries, we often want to approximate sp by some Sp such that §5 and sp are
close in some metric. Spectral density estimation is applied throughout the sciences [Skig89, SR94,
STBBI17, SRS20], network science [FDBV01, EG17, DBB19], machine learning and deep learning
in particular [RL18, PSG18, MM19, GKX19], numerical linear algebra [DNPS16, LXES19], and
beyond. In this work, we focus on the Wasserstein-1 (i.e., earth mover’s) distance, Wi(sa,5a),
which has been studied in a number of recent works giving formal approximation guarantees for
SDE [CTU21, BKM22, C'TU22]. Moreover, A will be accessed only through matrix vector queries
of the form Av for any query vector v. Most state-of-the-art matrix-vector query algorithms for
SDE are based on Krylov subspace methods that fall into two general classes.

Moment Matching. The first class of methods approximates sp by approximating its polynomial

moments. Le., Eq,[p(z)] = 3" p(Mi(A)) = Ltr(p(A)), where p is a low-degree polynomial.
We can employ stochastic trace estimation methods like Hutchinson’s method [Gir&7, Hut90] to

approximate this trace using just a small number of matrix-vector products with p(A) and in turn

!Based on paper to appear at SODA 2025. Preprint available at [BJM ' 24]
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A since if p has degree k, a single matrix-vector product with p(A) can be performed using k matrix
vector products with A. After approximating the moments for a set of low-degree polynomials (e.g.,
the first £ monomials, or the first k& Chebyshev polynomials), we can let $ao be a distribution that
matches these moments as closely as possible, and thus should closely match sa. Moment matching
methods include the popular Kernel Polynomial Method (KPM) [SR94, Wan94, WWAF06] and
its variants [CPB10, LSY 16, BKM22, Che23]. Braverman et al. [BKM22] analyze a Chebyshev
Moment Matching method, which can be thought of as a simple variant of KPM, showing that
the method can compute 55 satisfying Wi (sa,Sa) < € ||A||2 with probability > 1 — § using just
O(b/€) matrix vector products, where b = max(1, n—iQ log® 2 log? 1). Note that b = 1 in the common
case when € = Q(1/4/n). Here ||A|s denotes the spectral norm of A — i.e., its largest eigenvalue
magnitude. They prove a similar guarantee for KPM itself, but with a worse dependence on e.

Lanczos-Based Methods. This class of methods computes a small number of approximate
eigenvalues of A using the Lanczos method, and lets §p be a distribution supported on these
eigenvalues, with appropriately chosen probability mass placed at each. The canonical method of
this form is Stochastic Lanczos Quadrature (SLQ) [CTU21, GMO09]. Many other variants have also
been studied. Some place probability mass not just at the approximate eigenvalues, but on Gaussian
or other simple distributions centered at these eigenvalues [LG82, BRP92, LSY 16, HHIK72]. Chen
et al. [CTU21, CTU22] prove that the Lanczos-based SLQ method gives essentially the same
approximation bound as [BIKXM22]: error € - [|All2 using O(1/e) matrix-vector products when e =

Q(1/ V).

2 Our Results

Our main contribution is to show that both moment matching and Lanczos based methods for
SDE can achieve improved bounds on Wj(sa,3a) that depend on o41(A), the (I + 1) largest
singular value of A for some parameter [, instead of ||A||2. For matrices that exhibit spectral
decay and thus have 0;11(A) < 01(A) = ||A]]2, our bounds can be much stronger than the
bound Wi(sa,5a) < €-||A||2 achieved in prior work, which roughly corresponds to estimating each
eigenvalue to average error € - ||A|2. We also provide a lower bound showing that our bounds are
near optimal upto some logarithmic factors.

2.1 Improved SDE via Moment Matching with Explicit Deflation

Our first contribution is a modification of the moment matching method of [BIKM22] that first
‘deflates’ off any eigenvalue of A with magnitude significantly larger than o;,1(A), before estimating
the spectral density. Eigenvalue deflation is widely applied throughout numerical linear algebra to
problems like linear system solving [BEPW98, FV01, GOSS16, FTU23], trace estimation [GSO17,
Linl7, MMMW21], norm estimation [MNS' 18], and beyond [C'S97]. Specifically, the method uses
a block Krylov subspace method to first compute highly accurate approximations to the p largest
magnitude eigenvalues of A, for some p < [, along with an orthonormal matrix Z € R™*P with
columns approximating the corresponding eigenvectors. It uses moment matching to estimate the
spectral density of A projected away from these approximate eigendirections (I—ZZ7)A(I—2ZZ7),
achieving error eojy1(A) since this matrix has spectral norm bounded by O(op41(A)) = O(0;41(A))
if Z is sufficiently accurate. It then modifies this approximate density to account for the probability

2The notations O and €2 means some logarithmic factors are present.
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mass at the top p eigenvalues. While block Krylov methods are well understood for related tasks like
eigenvalue and eigenvector computation [Par98, Trol8], low-rank approximation [HMT11, MM15],
singular value approximation [MM15, MNS™ 18 BN23], linear system solving [LL.SY98, Saa03], our
work requires a careful analysis of eigenvalue/eigenvector approximation with these methods that
may be of independent interest. Overall, the above approach gives the following result:

Theorem 1 (SDE with Explicit Deflation). For any € € (0,1), I € [n], and any constants c1,co >
0, Algorithm 1 of [BJM"2/] performs O (llogn—l— %) matriz-vector products with A where b =
max (1, ﬁ log? 2 log? %) and computes a probability density function Sa such that, with probability

at least 1 — n%l’ ”A||2
Wi(sa,3a) <e-oi1(A) + —=.
nc2
The additive error % can be thought of as negligible — comparable e.g., to round-off error when

directly computing sa using a full eigendecomposition in finite precision arithmetic [BGVIKS22].

We further show that our algorithm is optimal amongst all matrix-vector query algorithms, up to
logarithmic factors and the negligible additive error term. Our proof leverages an existing lower
bound for distinguishing Wishart matrices of different ranks, previously used to give matrix-vector
query lower bounds for the closely related problem of eigenvalue estimation [SW23]. Formally:

Theorem 2 (SDE Lower Bound). Any (possibly randomized) algorithm that given symmetric A €
R™ ™ outputs Sa such that, with probability at least 1/2, Wi(sa,Sa) < €oy11(A) fore € (0,1) and
I € [n] must make (l + %) (possibly adaptively chosen) matriz-vector queries to A.

2.2 Implicit Deflation Bounds for Stochastic Lanczos Quadrature

Our second contribution is to show that the popular Stochastic Lanczos Quadrature (SLQ) method
for SDE [LSY16, C'TU21] nearly matches the improved error bound of Theorem 1 for any choice
of [, even though SLQ is ‘parameter-free’ and performs no explicit deflation step. This result helps
to justify the strong practical performance of SL(Q and the observed ‘spectrum adaptive’ nature of
this method as compared to standard moment matching-based methods like KPM [CTU21].

A key idea used to achieve this bound is to view SLQ as an implicit moment matching method
as in [CTU21, CTU22], and to analyze it similarly to KPM and other explicit moment matching
methods. We combine this analysis approach with recent work on low-rank approximation with
single-vector (i.e., non-block) Krylov methods [MMNM?24] to show that SLQ can perform ‘implicit
deflation’ as part of moment matching to achieve the improved error bound. Formally, we have:

Theorem 3 (SDE with SLQ). Let [ € [n], and ¢,6 € (0,1). Let gmin = min;cy, % and

= %. SLQ run form = O(llog % + % log "5%) iterations performs m matriz vector products
with A and outputs a probability density function SA such that, with probability at least 1 — 8,

) - INI
Wi(sa,ia) <O <e o1 (A) + ‘”%) + nHAHg) .

Theorem 3 essentially matches our result for moment matching with explicit deflation (Theorem
1) up to some small caveats, discussed below. First, the number of matrix vector products has
a logarithmic dependence on the minimum gap g, amongst the top [ singular values as well as

lA |2

the condition number k = T (A" The dependence on the minimum gap is inherent, as non-block
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Krylov methods like SLQ require a dependence on gpmi, in order to perform deflation/low-rank
approximation [MMNM24]. We note that, in practice, gmin is generally not too small. Also, by
A2

poly(n)’
both gumin > m and k < poly(n) with high probability, and thus replace the O(llog %) term
with an O(llogn) and the O(w) term with O(IOE”), matching Theorem 1. See e.g., [MMNM24].

€

one can ensure that

adding a random perturbation to A with spectral norm bounded by

Second, Theorem 3 has an additional error term of size O(0,(A)/y/n). This term is lower order
whenever € = Q(1/y/n). Further, we believe that this term, along with the dependence on g, can
be removed by using a variant on SLQ that is popular in practice, where the densities output by
multiple independent runs of the method are averaged together to produce 5(A).

Finally, Theorem 3 has an additional error term of size O(||A||2-1/n). In the natural case when we
run for m < n iterations and thus | < n, this term will be small. However, it cannot be avoided:
even for a matrix with rank < [ with well-separated eigenvalues, while the Lanczos method will
converge to near-exact approximations to these eigenvalues (with error bounded by %), the
probability distribution output by SLQ will not place mass exactly 1/n at these approximate

eigenvalues and thus will not achieve SDE error O(%).

This limitation motivates us to introduce a simple variant of SLQ, which we call variance reduced
SL@Q, which places mass exactly 1/n at any eigenvalue computed by Lanczos that has converged to
sufficiently small error. This variant gives the following stronger error bound:

Theorem 4 (SDE with Variance Reduced SLQ). Let I € [n], and €, € (0,1). Let gmin =

min,ep % and K = UJ‘:“(‘X). Algorithm 5 of [BIM'2)] run for m = O(llog% +
%10g ) iterations performs m matriz vector products with A and outputs a probability density

function SA such that, with probability at least 1 — 8, for some fized constant ¢ > 0,

o141(A)
i

Wl(SA,gA) SO(E-01+1(A)+ "

l A
L))+ 180

3 Future Work

There are a number of directions inspired by our work which can be pursued in the future.

Lanczos based Matrix Function Approximation. Variants of SLQ and Lanczos have been
used to obtain algorithms for estimating general functions of the trace of A, tr(f(A)) [UCSI17,
CTU22, CH23]. The Lanczos method itself can approximate different matrix functions like rational
functions very accurately [ACG24]. Our deflation based analysis, particularly that of the variance
reduced SLQ, could be used to give improved spectrum adaptive bounds for all these methods.

Numerical stability. The Lanczos algorithm is known to suffer from numerical stability issues
when implemented in finite precision arithmetic [Che24]. A more careful analysis of how the
algorithms perform under finite precision arithmetic will be interesting. However, we note that our
experiments (Section 6 of [BJM'24]) show that our algorithms work pretty well in practice.
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Birkhoff Averages, Invariant Sets, and Adaptive Filtering

David S. Bindel, Mazimillian E. Ruth

Abstract

In the design of magnetic confinement fusion devices (and many other applications), one is interested
in classifying the trajectories of symplectic maps. That is, we consider discrete dynamical systems

xi41 = F(x¢)

where the map F : X — X is symplectic. We are interested in classifying such trajectories as
quasiperiodic orbits (invariant circles, islands) or as chaotic, and finding simple parameterizations
of any quasiperiodic structures. In this talk, we describe a simple approach to these tasks by
building a linear time-invariant system representation of the dynamics from a given starting point
with a palindromic characteristic polynomial. This allows us to find a Fourier parameterization of
invariant circles and islands from a single trajectory, as well as classifying trajectories as regular or
chaotic. We connect our approach to ideas from extrapolation methods, adaptive filter design, and
Birkhoff averages, and show examples of Birkhoff RRE on the standard map and magnetic field
line dynamics.
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Parallelization of all-at-once preconditioned solvers for time-dependent
PDEs

Matthias Bolten, Ryo Yoda

Abstract

Modern high performance computers provide tremendous compute power by utilizing large amounts
of cores. As a consequence, traditional spatial parallelization schemes lead to a saturation of the
speedup more often. This motivated the use of parallelization in the time diretion, as well. Various
approaches exist and often two- and multilevel approaches like parareal or space-time multigrid are
chosen that introduce a coarse level—or multiple coarse levels—to propagate information faster in
time, usually in a serial manner. An alternative that is very natural from a numerical linear algebra
viewpoint is to consider all-at-once systems. Consider a linear time dependent PDE:

aug?t) = Lu(z,t) + f(z,t), (z,t) € Q x (0,7,
u=gq, (x,t) € 902 x (0,77,
u(z,0) = up(z), x e Q.

Discretization using finite elements and denoting the mass matrix by M and the stiffness matrix
by K in each time step with step width 7 = % yields

. <u<k+1> _a®

) _ grak D) 4 plt),
-

writing the resulting n linear systems into one finally gives

M—-1K u® £ + Mu,
-M M-7K u® £2)
M M-—7K| |u® £(n)

This large system can be solved iteratively using, e.g., GMRES. Further, when M and K are
symmetric or can be made symmetric simultaneously and when they are not changing like in the
example provided, the matrix can be symmetrized by applying a reordering technique allowing to
use methods like MINRES. If M and K do not change over time preconditioners for block Toeplitz
or block Hankel matrices can be used in both cases. The GMRES case has been studied, e.g., in
[3], the MINRES case was considered, e.g., in [2, 4, 5, 6]. The preconditioners studied are either
block circulant or block e-circulant and thus multiplication and inversion can be carried out in
almost optimal, i.e., O(nlogn), complexity by using the FFT. Additionally, the blocks have to
be solved efficiently which is usually carried out using the method used for the sequential time-
stepping. While the study of the preconditioners is extensive, the actual parallel implementation
is studied very little. One option to implement these kinds of methods is the usage of a parallel
FFT as studied in [1]. Yet, an efficient parallelization of the FFT is relatively difficult given that
it requires a lot of communication in comparison to very few arithmetic operations. This is one
reason why multi-dimensional FFTs usually transpose the data such that the individual 1D-FFTs
can be carried out sequentially. For the preconditioners considered in this case, in general only
1D-FFTs are needed.
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Given the results obtained using efficient multi-dimensional FFTs on parallel computers as an
alternative to a direct parallelization of the FFT we propose to transpose the data such that
sequential 1D-FFTs can be used and to transpose it back before solving the individual blocks. The
method resulting from a parallel implementation of the method proposed in [3] in this way provides
an excellent scaling behavior, yielding an additional speedup after saturation of pure time-stepping
with parallel solves of the spatial problem alone.

The applications of the preconditioners require the solution of usually complex block system that
have the dimension of the spatial problem. Our implementation currently uses smoothed aggre-
gation multigrid from Trilinos to solve these systems. We have used this approach on machines
based on CPUs as well as on clusters with GPUs. In all cases we can achieve good scaling results,
providing efficient parallelization in time by using preconditioning.

We will provide an overview over the different preconditioners that can be implemented in the
proposed way, present the parallelization approach in detail, discuss the solution of the blocks and
demonstrate the achieved performance.
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Parallel Incomplete Factorization Preconditioners

Erik G Boman', Marc A. Tunnell?
Abstract

Incomplete factorizations are popular preconditioners and are well known to be effective for a wide
range of problems. Additionally, these preconditioners can be used as a “black box” and do not rely
on any a priori knowledge of the problem. However, traditional algorithms for computing these
incomplete factorizations are based on Gaussian elimination and do not parallelize well. Recently,
a more parallel incomplete factorization algorithm was proposed by Chow and Patel [4], where
the factors are computed iteratively. Here we propose a new iterative approach that is based on
alternating triangular solves of L and U. We develop two versions: ATS-ILU for a static sparsity
pattern, and ATS-ILUT for a dynamic pattern (using thresholding). We show that this new method
is similar to the fine-grained iterative ILU method by Chow but has the added advantage that it
allows greater reuse of memory and is fully deterministic in parallel, meaning the results do not
depend on scheduling. We evaluate the new method on several test matrices from the SuiteSparse
collection and show that it is competitive with current ILU methods. When short setup time is
important, it is typically better than other methods.

1 Introduction

Preconditioning is well known to be essential for improving the speed of convergence of Krylov
methods such as Conjugate Gradient (CG) and Generalized Minimal Residual (GMRES) [8]. In-
complete Lower-Upper (ILU) factorizations are a popular class of preconditioners as they can be
used as a “black box” on a wide range of problems. There are two main types of ILU factorizations,
level-based ILU(k) [3, 6, 7] and threshold-based ILUT [9]. However, these methods are inherently
sequential and do not parallelize well.

There has been interest in the parallelization of these more classical interpretations of ILU, largely
through graph partitioning schemes. These graph partition-based methods, such as [5], offer a
promising approach to parallelizing classical ILU methods. By decomposing the graph correspond-
ing to the matrix and determining variables that can be eliminated in parallel, these methods aim to
distribute the computational load more evenly across processors. While these strategies have shown
effectiveness for certain types of problems [3], their implementation can be highly complex. Ad-
ditionally, their performance can be problem-dependent, requiring consideration of the underlying
graph structure when choosing a parallelization strategy.

More recently, there have been strides into methods of computing ILU factors iteratively, poten-
tially giving up some of the robustness of the classical methods for better parallel properties [4].
Iterative ILU methods, such as those introduced by Chow [4], offer significant advantages in terms
of scalability on modern parallel architectures. For the remainder of this paper, we refer to the
method introduced by Chow as ParILU and its thresholded counterpart as ParILUT [1, 4]. These
methods approximate the ILU factors through a series of iterative updates, which can be more
easily distributed across multiple processors or offloaded to accelerators.

!Sandia National Labs, egboman@sandia.gov
2Purdue University, mtunnell@purdue.edu
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By breaking down each iterative update into smaller approximate subproblems and solving them
independently, different parts of the factorization can be computed in parallel without the need for
complex graph-partitioning algorithms. This approach allows for the use of iterative ILU methods
on a wide range of problems, including those with complex or irregular graph structures that may
preclude high levels of parallelism in the graph-partitioned classical ILU methods.

Furthermore, iterative ILU methods are adaptable to various hardware accelerators such as graphics
processing units (GPUs) [2], which are increasingly important for high-performance computing.
By leveraging the parallel processing capability of these accelerators, iterative ILU methods can
significantly reduce the real-world time required to compute the ILU factors for large-scale problems,
thereby speeding up the overall solution process.

In this paper, we propose a new class of iteratively-computed ILU preconditioners, which we call
Alternating triangular Solves ILU (ATS-ILU). This method builds upon the strengths of existing
iterative ILU approaches while leveraging improved memory reuse and determinism in parallel. We
provide an analysis of the method and evaluate its performance compared to the state of the art
on a variety of test matrices. We show that our method is competitive with current ILU methods
and has the potential to be a powerful tool for solving large-scale problems on modern parallel
architectures.

2 Alternating Triangular Solves Method

In this section, we introduce our new method for computing ILU factors, ATS-ILU. This method
is based on the idea of alternating iterative updates to the L and U factors of the matrix A. The
basic idea is the same as before, where we iteratively update the factors L and U until convergence,
but where the updates are performed in an alternating manner. This general process is a common
method for solving bilinear systems and is outlined in 1.

Algorithm 1 Alternating ILU

U©® « triu(A)

k+0

while not converged do
Solve LWUK) ~ A for L*)
Solve LNy *+1) ~ A for yk+1)
Check convergence
k+—k+1

end while

One way to perform this procedure would be to perform a triangular solve with the entirety of
U®) and let A be the right-hand side vector to solve for L1 and similar to solve for U*+1D.
This entire process can largely be performed in parallel as each row of L and column of U can
be solved independently. Despite the potential for high levels of parallelism, it is still extremely
computationally expensive and likely suffers from significant levels of fill-in during intermediate
steps. The computational cost could be reduced by using an approximation.

Additionally, the algorithm as stated above does not guarantee that L and U remain lower and
upper triangular, respectively. One method to address this issue would be to solve for L only in
the lower triangular part of A and for U only in the upper triangular part of A. This would ensure
that the factors remain lower and upper triangular, respectively, but would still leave the problem
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of significant levels of fill-in. Instead, we suggest a more practical approach where we impose a
sparsity pattern on L and U, namely £ and U, respectively. This sparsity pattern can be chosen
to be the same as the sparsity pattern of A, which is the choice we make in this paper.

In order to get around the issue of fill-in, we propose a method where we approximately solve for
L and U along their given sparsity patterns, which we discuss next.

2.1 Alternating Triangular Solves ILU Algorithm

The ATS-ILU algorithm is based on the idea of approximately solving for L and U in an alternating
fashion along only their given sparsity patterns. Again, the rows of L and the columns of U can
be solved independently, allowing for a high level of parallelism. The algorithm is shown in 2. We
present the algorithm for a general pattern & but in practice, this will correspond to the pattern
of A for some small power k.

Algorithm 2 ATS-ILU
1: Input: Sparse matrix A, sparsity pattern S, starting factors L and U
2: while not converged do
3 forie {12 ... n}do
4 idx«{jeN| (i,j) € S,5 <i}
5 Cisax < @iide (Uidsiax)
6: end for
7
8
9

forje{12 ... n} do
idx«—{ieN| (i,j) € S,i > j}
: Uidx,j < (Lidx,idx) Gidx,j
10: end for
11: end while

In this algorithm, we solve for each row of L and each column of U independently. Recall that the
notation a; ;q, refers to the ith row of A restricted to the indices in idx, and similarly for Uidx,idx
and Lidx idx- These submatrices can be viewed as the (dense) non-contiguous submatrices of L and
U that correspond to the sparsity pattern S along the given row or column.

Our method can be extended to do thresholding to maintain a certain fill level. We call this
extension ATS-ILUT, and defer the details to the full paper.

3 Results

We implemented the ATS-ILUT algorithm in C++ with Kokkos for parallel performance portability.
We show some preliminary results in Table 3.

4 Conclusions

We have developed a new parallel iterative ILU algorithm ATS-ILU and a thresholded version ATS-
ILUT. Experiments show it performs similarly to the ParILU(T) method, but it often provides a
better quality preconditioner after just one or two steps (updates) of the setup. This is an advantage
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Table 1: Comparison of ATS-ILU Variants with PAR-ILUT across Different Matrices, Fill Levels,
and Iterations. The best at each iteration is bolded.

| Matrices: abnormal_sandia af_shell3 G3_circuit parabolic_fem |
‘ ‘ Iterations ‘
Method  Fill
\ |1 2 3 4 5 1 2 3 4 5 || 1 2 3 4 5 || 1 2 3 4 5 |
ATS ILUT\ 1.0 | 54 44 42 42 42| 905 723 594 605 568 || 1169 1140 1148 1133 1131|1183 1089 1090 1083 1071 |

(a) | 2.0 |51 33 25 24 23| 872 564 395 334 299 || 860 639 467 426 396 || 765 561 464 492 444 |

|3.0]51 31 22 18 17||872 559 378 308 258 || 860 638 448 373 318 || 765 551 422 434 381 |

| 1.0 |50 45 45 46 45||797 657 638 625 631 ||1153 1186 1189 1187 1183 || 1261 1192 1224 1220 1201 |

ATS-ILUT
(b) | 2.0 |42 29 27 27 27||651 402 319 289 274 || 690 520 408 424 414 || 729 719 505 547 446 |
| 3.0 42 24 20 20 20||651 397 290 226 204 || 690 520 357 326 305 || 729 715 681 525 378 |
| 1.0 |54 45 45 45 45| 822 597 581 616 592 || 1188 1170 1180 1215 1217 || 1232 1168 1190 1201 1197 |
ParILUT

|2.0]49 32 26 25 25| 752 415 311 279 268]|| 758 531 390 365 360 || 864 482 379 353 354 |

[3.0]49 30 21 18 17| 752 415 293 234 204]| 758 531 379 295 269 || 864 479 320 219 191 |

if setup time is important, e.g., when solving a sequence of linear systems. Also, it is naturally
deterministic (though an asynchronous version is also possible).
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Operator Learning without the Adjoint

Nicolas Boullé, Diana Halikias, Samuel Otto, Alex Townsend

Abstract

There is a mystery at the heart of operator learning: how can one recover a non-self-adjoint
operator from data without probing its adjoint? Current practical approaches suggest that one can
accurately recover an operator while only using data generated by the forward action of the operator
without access to the adjoint [5]. However, naively, it seems essential to sample the action of the
adjoint for learning solution operator of time-dependent partial differential equations (PDEs) [3].
This motivates a fundamental question in numerical linear algebra: can one approximate a non-
symmetric low-rank matrix without sketching its adjoint?

In this talk, we will explore the limits of adjoint-free low-rank matrix recovery and propose an
approach that could help analyze the behavior of structured matrix recovery algorithms. Then,
we will show that one can approximate a family of non-self-adjoint infinite-dimensional compact
operators via projection onto a Fourier basis without querying the adjoint. We will apply the
result to recover Green’s functions of elliptic partial differential operators and derive an adjoint-
free sample complexity bound. While existing infinite-dimensional numerical linear algebra theory
justifies low sample complexity in operator learning [2, 4], ours is the first adjoint-free analysis that
attempts to close the gap between theory and practice [1].

Limits of adjoint-free low-rank matrix recovery. We start in the fundamental setting of
recovering a low-rank matrix by querying the map x — Fz but without access to z — F*z. We
show that querying x — F*x is essential for recovering F' and prove rigorous guarantees on the
quality of the reconstruction in terms of how close F' is to a symmetric matrix. Thus, we conclude
that without prior knowledge of the properties of the adjoint, one must have access to its action.

We assume that F' is d-near-symmetric (i.e., its left and right singular subspaces are d-close), but
we only have access to partial information regarding the symmetry of F', namely that F'is e-near-
symmetric for some € > §, and sketching constraint F.X. To quantify the resulting uncertainty
about F', we define the set of possible matrices one could recover given this prior knowledge as

“x = {A € M,(C): rank(A) = k, AX = FX, 3Q € O(k), |U3Va — Q|2 < ¢}, (1)

where A = US4V} is the singular value decomposition of A, O(k) is the group of k x k orthog-
onal matrices, and || - ||2 denotes the spectral norm. Hence, given some tolerance €, Q% y is the
set of e-near-symmetric matrices that can be returned by any low-rank recovery algorithm when
approximating F', such as the randomized SVD [6, 7] or the Nystrom method [8].

The size of Q% y is measured by its diameter in the spectral norm and determines the maximum ac-
curacy of any reasonable reconstruction. If the diameter is large, one cannot estimate F' accurately,
as one cannot distinguish between any candidate matrix in Q% . This is because any matrix in
2% x satisfies the sketching constraint and is near-symmetric. On the other hand, a small diameter
guérantees the fidelity of the reconstruction. We provide sharp upper and lower bounds on the
size of (1% ., i.e., determine how far apart any two matrices in €% 5 can be from each other, with
respect to €, which measures our prior knowledge of F'’s symmetfy. The upper and lower bounds
on the diameter of Q% y reveal that the uncertainty about F' given queries of its action is directly
related to the uncertaiﬁty about the symmetry of its left and right singular subspaces. For example,
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our ability to recover a symmetric rank-k matrix using k£ < s < n queries is fundamentally limited
by our prior knowledge about the proximity of Range(F') and Range(F™) because there are many
asymmetric matrices with the same rank that satisfy the same sketching constraints. This result is
a fundamental limitation of adjoint-free low-rank matrix recovery in numerical linear algebra and
has implications for operator learning.

An adjoint-free operator learning approach. To provide an operator learning approach that
does not need access to the adjoint, we exploit regularity results from PDE theory to estimate the
range of the adjoint of the solution operator. This allows us to prove the first guarantees on the
accuracy of adjoint-free approximations. Our key insight is to leverage the favorable properties
of a prior self-adjoint operator, such as the Laplace—Beltrami operator, to use as an operator
preconditioner in the approximation problem. In particular, we query the action of the solution
operator on the eigenfunctions of the prior self-adjoint operator, yielding an approximation with an
error that decays at a rate determined by the eigenvalues of the prior. This is remarkable because
common operator learning techniques always seem to plateau; yet, we construct a simple algorithm
that provably converges.

The effect of non-normality on sample complexity. We derive a sample complexity bound
for our algorithm when applied to second-order uniformly-elliptic PDEs that are perturbed away
from self-adjointness by lower-order terms. We show that for small perturbations, our bound on
the approximation error grows linearly with the size of the perturbation, and we conjecture that
this linear growth continues for large perturbations as well. This aspect of the error growth is also
present in common operator learning techniques, as our numerical experiments illustrate. With
respect to our operator learning algorithm, this means that the number of samples required to
achieve a fixed error tolerance grows algebraically with the perturbation size.
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Streaming the Bidiagonal Factorization

Johannes J. Brust and Michael A. Saunders

Abstract

Frequently in online or data-driven applications, new information becomes available in the form of
a stream (Syamantak et al. [KS24]). Because processing the data for analysis or inference often
involves matrix factorizations like the SVD or an eigendecomposition, we develop new updating
methods. As repeatedly refactoring a large matrix is expensive, we propose low-rank updates to a
previous factorization. Thus we consider the model

A=A+CwWT,

where the previous data A is m x n, and the updates C' and W are m x t and n x t. Simply
computing A costs mnt multiplications, which we therefore regard as an optimal complexity. For
some well known factorizations, efficient updating methods are known. For instance, the methods
of Gill et al. [GGMS74] update the Cholesky or LDL™ factorization in O(mnt) flops, while Golub
and Van Loan [GV13, Sec 12.5] describe a method for updating the QR factorization. Also, Bunch
et al. [BNS78] describe an algorithm for updating the eigendecomposition, while Brand [Bra06] and
Moonen et al. [MVDV92] develop methods for the SVD. The complexity of the latter methods also
scales as O(mnt), but updating an eigendecomposition or SVD typically involves iterative nonlinear
equation solves. In SVD computation, the first step is to reduce the matrix to (upper) bidiagonal
form before computing the singular values of the bidiagonal (e.g., implemented in LAPACK’s bdsqr
and gebrd [ABB+99]). Since the bidiagonalization and SVD are closely related, it is not surprising
that attempts have been made to replace the SVD with the bidiagonalization for low-rank matrix
approximations (Simon and Zha [SZ00]). Even though the SVD guarantees the best low-rank
approximation, the bidiagonalization can be computed with a predetermined number of orthogonal
transformations, making it computationally attractive.

The most stable method for computing a bidiagonal factorization uses sequences of orthogonal
Householder reflectors. Because this requires and overwrites the matrix elements in memory, it
is best suited for dense systems. Its complexity scales as O(mn?) flops and mn memory and it
is therefore limited to small or medium problems. A second approach accesses the data only via
matrix-vector products within a short two-vector recursion. This Golub-Kahan bidiagonalization
(GKB) produces a partial bidiagonalization after k iterations. For a general A the GKB complexity
is O(kmn). When the data is sparse or otherwise structured, GKB can exploit the structure
with potentially much fewer flops (but without further modifications suffers from rapid loss of
orthogonality). Our algorithms reuse an existing bidiagonal factorization A = QBPT to compute
the next factorization

QBPT = QBPT + cWT

at reduced cost. To exploit previous information fully, we develop sparsity-exploiting bidiagonal-
ization algorithms. One method is gk-bidiag, which we compare to LAPACK’s bidiagonalization
functions (Table 1). We also propose methods such as a compact representation of products of
Householder matrices combined with the GKB iteration.
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gk-bidiag LAPACK

Problem m n

error secs error  secs
GL7d12 8899 1019 | 0.96 0.031 | 097 26
ch6-6-b2 2400 450 | 1.6 0.0051 | 0.94 1.2
ch7-6-b2 4200 630 | 1.1 0.012 | 095 3.9

ch7-7-b2 7350 882 | 1.3 0.023 | 0.97 16
cis-n4c6-b2 | 1330 210 | 2.7 0.0017 | 091 0.3

mk11-b2 6930 990 | 1.2 0.02 0.97 16

n4c6-b2 1330 210 | 2.9 0.0017 | 091 0.3
rel6 2340 157 | 0.7 0.0028 | 0.71 0.56
relat6 2340 157 | 0.74 0.0029 | 0.74 0.71

Table 1: Updating a rank r» = 50 truncated bidiagonal factorization QLTBLTP{T when a rank-one
update is added to a previous factorization. LAPACK subroutines and the sparsity-preserving solver
gk-bidiag are applied to 9 SuiteSparse matrices [DH11]. The error is ||A — Q1. B1.-PT. || r/|| Al -
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Streaming low-rank approximation of tree tensor networks

Alberto Bucci, Gianfranco Verzella
Abstract

Low-rank tensor approximation has emerged as a powerful tool in scientific computing, enabling
the efficient handling of large-scale linear and multilinear algebra problems that would otherwise
be computationally infeasible with classical methods. By exploiting the inherent low-dimensional
structure within high-dimensional data, these techniques reduce storage costs and computational
complexity, making it possible to approximate solutions to problems in fields as diverse as quantum
physics, machine learning, and computational biology.

Recent advances in randomized techniques for low-rank matrix approximations, including methods
like randomized SVD [1] and the generalized Nystrom method [2, 3], have paved the way for
substantial progress in tensor approximation as well. A range of specialized randomized methods
have emerged for tensor decompositions. For instance, the randomized higher-order SVD and its
sequential truncated version [4] provide efficient tools for approximating tensors in Tucker format.
Likewise, randomized adaptations of TT-SVD [5] extend matrix-based techniques to the tensor
train format, enabling the approximation of high-dimensional data while mitigating the curse of
dimensionality.

The multilinear Nystrom method [6], its sequential counterpart [7], and the streaming tensor train
approximation [8] further advance this field, allowing for the streaming low-rank approximation of
a given tensor A in the Tucker or Tensor-Train format respectively.

Both methods build on the generalized Nystrom approach, accessing the tensor A exclusively via
two-sided random sketches of the original data, making them single-pass and facilitating parallel
implementation.

Tucker and tensor train decompositions are specific instances of the more general tree tensor network
(TTN) decomposition, where the underlying tree structure takes the form of either a star or chain
configuration.

By combining the multilinear Nystrom method [6] with the streaming tensor train approximation
[8], we introduce the tree tensor network Nystrom algorithm [9] (TTNN): a novel approach for the
streaming low-rank approximation of tensors in the tree tensor network format. We also introduce a
sequential variant of the algorithm that operates on increasingly compressed versions of the tensor,
while remarkably preserving streamability. We also provide a detailed analysis of the accuracy of
both methods.

However, in practical applications, tensors are often provided in a low-rank TTN format, as working
with the full tensor would be computationally prohibitive. In these cases, the challenge lies in
achieving further compression or rounding of these representations.

We demonstrate that our algorithm can be readily adapted to this specific setting by leveraging
structured embeddings.

Our results indicate that TTNN is capable of achieving nearly optimal approximation error when the
sizes of the sketches are appropriately selected. A series of numerical experiments further illustrate
the performance of TTNN in comparison to existing deterministic and randomized methods.
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Krylov Subspace Recycling With Randomized Sketching For Matrix
Functions

Liam Burke, Stefan Giittel
Abstract

I will discuss the importance of randomization in the development of Krylov subspace recycling
algorithms for the efficient evaluation of a sequence of matrix function applications on a set of
vectors [5]. Recycling methods are a special class of augmented Krylov subspace methods where
the augmentation subspace for each problem is constructed or recycled from the Krylov subspace
used to solve a previous problem in the sequence [4]. If selected appropriately, the presence of the
recycled subspace can aid in accelerating the convergence of the iterative solver, thereby reducing
the overall computational cost and runtime required to solve the full sequence of problems.

I will present the work in [1], where the recycled Full Orthogonalization Method (rFOM) for func-
tions of matrices was shown to reduce the computational overhead and runtime required to evaluate
a sequence of matrix function applications, when compared to the standard FOM approximation.
I will discuss the development of rEFOM, and show how it is not possible to develop a restarted im-
plementation, resulting in excessive storage and orthogonalization costs as the number of iterations
grows large.

As an alternative to restarts, I will introduce sketched-recycled FOM (srFOM), which incorpo-
rates randomized sketching [2, 3] into rTFOM in order to avoid excessive orthogonalization costs
when working with non-Hermitian matrices. I will show results of numerical experiments which
demonstrate the kind of performance gains we can achieve through sketching.
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Robust Spectral Clustering with Rank Statistics

Joshua Cape, Xianshi Yu, Jonquil Zhongling Liao
Abstract

This talk investigates the performance of a robust spectral clustering method for latent structure
recovery in noisy data matrices. We consider eigenvector-based clustering applied to a matrix
of nonparametric rank statistics that is derived entrywise from the raw, original data matrix.
This approach is robust in the sense that, unlike traditional spectral clustering procedures, it
can provably recover population-level latent block structure even when the observed data matrix
includes heavy-tailed entries and has a heterogeneous variance profile. Here, the raw input data
may be viewed as a weighted adjacency matrix whose entries constitute links that connect nodes
in an underlying graph or network.

Our main theoretical contributions are threefold and hold under flexible data generating conditions.
First, we establish that robust spectral clustering with rank statistics can consistently recover latent
block structure, viewed as communities of nodes in a graph, in the sense that unobserved community
memberships for all but a vanishing fraction of nodes are correctly recovered with high probability
when the data matrix is large. Second, we refine the former result and further establish that,
under certain conditions, the community membership of any individual, specified node of interest
can be asymptotically exactly recovered with probability tending to one in the large-data limit.
Third, we establish asymptotic normality results associated with the truncated eigenstructure of
matrices whose entries are rank statistics, made possible by synthesizing contemporary entrywise
matrix perturbation analysis with the classical nonparametric theory of so-called simple linear
rank statistics. Collectively, these results demonstrate the statistical utility of rank-based data
transformations when paired with spectral techniques for dimensionality reduction. Numerical
examples illustrate and support our theoretical findings. Additionally, for a dataset consisting
of human connectomes, our approach yields parsimonious dimensionality reduction and improved
recovery of ground-truth neuroanatomical cluster structure. We conclude with a discussion of
extensions, practical considerations, and future work.

Reference: https://arxiv.org/abs/2408.10136, to appear in Journal of Machine Learning Research.

Author’s note: As a statistician working on entrywise eigenvector perturbation analysis and with
a background in applied mathematics, I am eager to engage with the numerical linear algebra
community towards advancing research on topics of shared interest.
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The Stability of Split-Preconditioned FGMRES in Four Precisions

Erin Carson, Ieva DauZickaité
Abstract

We consider the problem of solving a linear system of equations Ax = b, where A € R™*" is
nonsymmetric and x,b € R™. When A is large and sparse, the iterative generalized minimal residual
method (GMRES) or its flexible variant (FGMRES) are often used. In these and other Krylov
subspace methods, preconditioning is an essential ingredient. Given a preconditioner P = My Mp,
the original problem is transformed to

M;'AMp's = M;'h,  where Mp'i = .

The emergence of mixed precision hardware has motivated work in developing mixed precision
algorithms for matrix computations; see, e.g., the recent survey [4]. Modern GPUs offer double,
single, half, and even quarter precision, along with specialized tensor core instructions; see, e.g.,
[5]. The use of lower precision can offer significant performance improvements, although this comes
at a numerical cost. With fewer bits, we have a greater unit roundoff and a smaller range of
representable numbers. The goal is thus to selectively use different precisions within algorithms
such that performance is potentially improved without adversely affecting the desired numerical
properties.

In this talk, based on the published work [3], we consider the split-preconditioned FGMRES method
in a mixed precision framework, in which four potentially different precisions can be used for com-
putations with the coefficient matrix A (unit roundoff wy), left-preconditioner My, (unit roundoff
ur,), right-preconditioner Mg (unit roundoff ug), and all other computations (unit roundoff u).

Our analysis is applicable to general preconditioners with minimal assumptions. Briefly, following
the strategy of [6], we assume that the application of M, Vand M R 1 can be computed such that

fl(MEle) :Mgl’wj + AML’jw]‘, |AMLJ" < c(n)uLELyj,
fl(Mgle) :Mgl’wj + AMRJ"U)]', ’AMRJ" < C(TL)URERJ',

where fi(-) denotes the quantity computed in floating point arithmetic, £y, ; and Eg ; have positive
entries, w; € R", and c(n) is a constant that depends on n only. Note that a particular strength
of FGMRES is that it allows the right preconditioner to change throughout the iterations; for
simplicity, we consider the case here where the preconditioners are static, although our results
could be extended to allow dynamic preconditioning.

We define A = M . 'Aand b= M I 'y and assume that matrix-vector products with A can be
computed so that )
fl(AZj) = (Mil + AMLJ')(A + AA]‘)Z]'.

Denoting
M;7IAA 2 AMy jAz;
N 1Y o Y -V V77 o1
IREEA [z
where || - || denotes the 2-norm, and ignoring the second order terms, we can write

fl(Azj) = Azj + f;,  where || f;]| < (uava; +urir;)|| A 2]
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We first present general bounds on the backward and forward errors in split-preconditioned FGM-
RES, which is based on the previous works [1] and [2]. Our analysis provides guidance on how the
precisions should be set when the target backward error is of order u. To summarize, the precision
for applying My must be chosen in relation to u, ua, and the required backward and forward
errors, because uy, heavily influences the achievable backward error. We can be more flexible when
choosing up as it does not influence the backward error directly. Our analysis holds under a suf-
ficient but not necessary assumption on ug in relation to Mg. As long as Mpg is not singular in
precision up (note that scaling strategies may be used to ensure this), setting ug to a low precision
is sufficient. Very low precisions u;, and ur may delay the convergence, but setting uy, < u or
ur < u does not improve the convergence in general. Note that these conclusions apply to the full
left- and right-preconditioning cases as well.

We observe that the forward error is determined by the backward error and the condition number
of the left-preconditioned coefficient matrix. This motivates concentrating effort on constructing an
appropriate left-preconditioner when aiming for a small forward error: the preconditioner should
reduce the condition number sufficiently and needs to be applied in a suitably chosen precision.

We further provide insights on which preconditioning strategy (left, right, or split) may be preferred
under certain objectives related to the desired the backward and forward errors. To summarize,
if a small backward error is the main concern and A is ill-conditioned, and we have a ‘good’
preconditioner, so that n(fl) is small and we can afford setting u 4 and uy, to precisions that are high
enough to neutralize the ¢4 and vy, terms, then left-preconditioning should be used. If however,
we cannot afford setting ua4 and uy to high precisions but can construct a split-preconditioner
such that x(My) is small, then split-preconditioning (note that in this case ¥4 and ¥ may be
smaller too) or full right-preconditioning may be preferential. If our main concern is applying the
preconditioner in lower than the working precision (which may be relevant, for example, when A
is very sparse and the preconditioner uses some dense factors), the bounds suggest that full left-
preconditioning should not be used as w414 and w1 may be large. Full right-preconditioning
may be most suitable in this case.

We present a suite of numerical experiments which support our theoretical results. Essentially,
the experiments confirm that the precision in which the left preconditioner is applied has a signifi-
cant effect on the forward and backward errors, but very little effect on the number of FGMRES
iterations required for convergence. Conversely, the precision in which the right preconditioner
is applied has almost no effect on the resulting forward and backward errors, but can affect the
FGMRES convergence.
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A low-memory Lanczos method with rational Krylov compression for
matrix functions

Angelo A. Casulli, Igor Simunec

Abstract

A fundamental problem in numerical linear algebra is the approximation of the action of a matrix
function f(A) on a vector b, where A € C"*"™ is a matrix that is typically large and sparse, b € C™
is a vector and f is a function defined on the spectrum of A. In this work, we focus on the
case of a Hermitian matrix A. We recall that when A is Hermitian, given an eigendecomposition
A = UDU" | the matrix function f(A) is defined as f(A) = Uf(D)UH, where f(D) is a diagonal
matrix obtained by appliying f to each diagonal entry of D. We refer to [12] for an extensive
discussion of matrix functions.

Popular methods for the approximation of f(A)b are polynomial [16, 13, 8, 7, 11] and rational
Krylov methods [6, 15, 9, 1, 3]. The former only access A via matrix-vector products, while the
latter require the solution of shifted linear systems with A. When the linear systems can be solved
efficiently, rational Krylov methods can be more effective than polynomial Krylov methods since
they usually require much fewer iterations to converge. However, there are several situations in
which rational Krylov methods are not applicable, either because the matrix A is only available
implicitly via a function that computes matrix-vector products, or because A is very large and the
solution of linear systems is prohibitively expensive.

When A is Hermitian, the core component of a polynomial Krylov method is the Lanczos algo-
rithm [14], which constructs an orthonormal basis Qa = [gy ... q,] of the polynomial Krylov
subspace Kj7(A,b) = span{b, Ab,..., AM~1b} by exploiting a short-term recurrence. The prod-
uct f(A)b can then be approximated by the Lanczos approximation

far=Quf(Taner|bll,  Tar = Qi AQu, (1)

where e; denotes the first unit vector. The Lanczos algorithm uses a short-term recurrence in the
orthogonalization step, so each new basis vector is orthogonalized only against the last two basis
vectors, and only three vectors need to be kept in memory to compute the basis Qps. Although
the basis Q,s and the projected matrix Ty, can be computed by using the short-term recurrence
that only requires storage of the last three basis vectors, forming the approximate solution f,, still
requires the full basis Q;. When the matrix A is very large, there may be a limit on the maximum
number of basis vectors that can be stored, so with a straightforward implementation of the Lanczos
method there is a limit on the number of iterations of Lanczos that can be performed and hence on
the attainable accuracy. In the literature, several strategies have been proposed to deal with low
memory issues. See the recent surveys [10, 11] for a comparison of several low-memory methods.

In this presentation we propose a new low-memory algorithm for the approximation of f(A)b. Our
method combines an outer Lanczos iteration with an inner rational Krylov subspace, which is used
to compress the outer Krylov basis whenever it reaches a certain size.

The fundamental insight underlying this method is that, leveraging the results presented in [2], the
vector f; defined in (1) (for simplicity, assuming ||b||, = 1) can be approximated by

o [ AT g (o ) ).
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where T is an m X m leading principal submatrix of Tj;, and Uy is an orthonormal basis of a
rational Krylov subspace generated using the small matrix 77. One can observe that the first
summand of this expression can be computed after m steps of the Lanczos algorithm. Moreover,
once the first term has been computed, it is no longer necessary to keep all the first m columns of
the matrix Qs in memory, since computing the second term only requires the few vectors obtained
by multiplying the first m columns of @,; on the right by the matrix U;. Finally, the second term
can be computed by recursively applying the same procedure.

Similarly to [4], the inner rational Krylov subspace does not involve the matrix A, but only small
matrices. This is fundamental, since constructing a basis of the inner subspace does not require the
solution of linear systems with A, and hence it is cheap compared to the cost of the outer Lanczos
iteration. Theoretical results show that the approximate solutions computed by our algorithm
coincide with the ones constructed by the outer Krylov subspace method when f is a rational
function, and for a general function they differ by a quantity that depends on the best rational
approximant of f with the poles used in the inner rational Krylov subspace.

If the outer Krylov basis is compressed every m iterations and the inner rational Krylov subspace
has k poles, our approach requires the storage of approximately m + k vectors. Additionally, due
to the basis compression, our approximation involves the computation of matrix functions of size
at most (m+k) x (m+k), so the cost does not grow with the number of iterations. This represents
an important advantage with respect to the Lanczos method, since when the number of iterations
is very large the evaluation of f on the projected matrix can become quite expensive.

Numerical experiments show that the proposed algorithm is competitive with other low-memory
methods based on polynomial Krylov subspaces.

The content of this presentation draws on the findings presented in [5].
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Convergence Behavior of GMRES on Tridiagonal Toeplitz Systems

Fei Chen, Kirk M. Soodhalter
Abstract

Discretizing PDEs leads to linear systems with large, sparse coefficient matrices. When linear,
constant-coeflicient PDEs with Dirichlet boundary conditions are discretized on uniform meshes,
one can obtain Toeplitz, multilevel Toeplitz and/or block Toeplitz systems [1, 2]. Toeplitz matrices
have constant diagonals, and multilevel and block Toeplitz matrices have related structures, that
can be exploited to speed up GMRES, and aid convergence analysis. Such systems are widely
solved by Krylov subspace methods.

Let
Az = b, (1)

where the matrix A is Toeplitz, b is a known right-hand side, and x is the unknown solution. GM-
RES starts with an initial guess, x, and select x, k = 1,2, - - -, such that zy—xg € Kr(A,19) :=span
{ro, Arg,--- ,A(kfl)ro}, where rg = A(x — x9).

Let Y be the reverse identity matrix, then YA is symmetric Hankel. One can solve (1) through
YAx =Yb, (2)

by applying MINRES [3], which is mathematically equivalent to GMRES for a symmetric system.
Through our experiments, we find that MINRES on (2) requires about twice as many iterations as
GMRES on (1) to converge, especially when preconditioned.

For a symmetric system such as (2), the convergence behavior of MINRES can usually be charac-
terized by the eigenvalues and the RHS. However, when A is nonsymmetric, GMRES convergence
behavior is much more complicated to describe; in extreme cases the spectrum bears no relation
to the convergence rate. In [4], the authors prove that any nonoincreasing convergence curve is
possible for GMRES by constructing a linear system of prescribed nonzero eigenvalues with a given
convergence curve.

In this work, we explore the convergence behavior of GMRES when applied to real tridiagonal
Toeplitz systems, where the matrix

a v 0 0
foa v 0
A= |: R 3)
0 0 B8 «a v
00 0 B «a

a, 3, and v € R.

We show that different GMRES convergence behavior is possible for different Toeplitz systems that
share the same spectra, regardless of their right hand sides. We also explore the connection between
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the GMRES convergence behavior and the singular values of the tridiagonal Toeplitz matrices.

In spite of the difficulties, there has been plenty of work in the literature inspecting the convergence
behavior of GMRES. For instance, in [5], the authors point out that, for a general nonsingluar ma-
trix A, the convergence behavior of GMRES is related to the distribution of eigenvalues of A, and
provide an upper bound. However, each eigenvalue is either treated as a member of some cluster, or
an outlier to any cluster. For the cases where eigenvalues are not spreading out far away from each
other, for example, those of a tridiagonal Toeplitz matrix, or when the clusters are far away from
each other, one fails to find a meaningful upper bound since it become too loose. In [6], Meurant
shows through APS parametrization of A that GMRES could have different convergence behaviors
for two different matrices with the same spectrum. Nevertheless, a reconstructed matrix A in this
case does not preserve the Toeplitz structure in general. As for tridiagonal matrix systems, Liesen
and Strako$ analyze the convergence behavior of GMRES when |a| &~ |3| > |v| [7]. For a more
general case where | # |y|, Li and Zhang provide upper bounds and asymptotic speeds of the
2-norm of the k' residual via Chebyshev polynomial of the first kind[8] and the second kind[9]. In
our work, we formulate equations based on APS parametrization of A with the constraint that each
diagonal is constant to explore what convergence regimes are possible for a tridiagonal Toeplitz
System.
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Preconditioning without a preconditioner: faster ridge-regression and
Gaussian sampling with randomized block Krylov methods

Tyler Chen, Caroline Huber, Ethan Lin, Hajor Zaid
Abstract

One of the most important tasks in numerical linear algebra is solving the linear system
Ax = Db, (1)

where A € R4 ig symmetric positive definite with eigenvalues Ay > Ao > --- > Ay > 0. Krylov
subspace methods (KSMs) such as the conjugate gradient method are among the most powerful
methods for this problem and are guaranteed to converge extremely rapidly if the system is well-
conditioned; i.e. if \; & A4. For ill-conditioned systems, preconditioning can greatly accelerate
the convergence of KSMs. When A has a rapidly decaying spectrum, a technique called Nystrom
preconditioning has proven effective [1].

Consider the Nystréom approximation
A<Ks> = (AKS)(KIAKS)T(KIA)a (2)

where Q € R¥™("+2) ig a matrix of independent standard normal random variables and K, :=
[ AQ - A°'Q] € R(2) Tt can be guaranteed that if s = O(log(d)), then with high
probability, A(K;) approximates A with spectral-norm error comparable to the best-possible rank-
r approximation to A;i.e. ||[A — A(Ks)|| = O(Ar+1) [3]. Define a preconditioner

1

r+1

P = UDU' 4 (I-UU"), (3)
where UDUT is the eigendecomposition of A(K,). Following the approach of [1], we show that if
0 € [Ag, A\ry1] and s = O(log(d)), then with high probability, then

K(PTY2APY2) = O(\ry1 /). (4)

As a result, preconditioned-CG with the preconditioner (3) converges at a rate depending on
VAr41/Aq [2]. If A has just r large eigenvalues, the convergence of preconditioned-CG will be
extremely rapid.

One downside to Nystrom preconditioning is the need to choose hyperparameters such as 6 and
s. Our observation is that, after ¢ iterations, block-CG with a starting block [b €] has error at
most that of Nystrom preconditioned CG after ¢ — s — 1 iterations. Thus, block-CG enjoys the
effects of (Nystrom) preconditioning, without the need for constructing a preconditioner or choose
parameters.” This allows us to prove the following convergence guarantee.’

Theorem 1. Fiz a value v > 0 and let by, ... ,byyo be independent standard Gaussian vectors.
Then after t iterations the block-CG iterate xl"CG corresponding to a starting block [b by -+ byio]
satisfies, with probability at least 99/100,

[AD—xCa _y (_t -3+ log(d)/2)> |

|A~1b||a 3v/ A1/ A

'We are assuming iterations, not matrix-vector products, are the dominant cost.
2This bound is reminiscent of the “killing off the top eigenvalues” bounds for CG. However, instead of a burn-in
period of r iterations, we require a burn-in period of O(log(d)) iterations (independent of r).
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More generally, for any p > 0, block-CG (and Nystrom preconditioned CG) can be used to solve
the regularized linear system
(A4 pI)x =b. (5)

Systems of the form (5) arise in a variety of settings, but we are particularly motivated by two
critical tasks in machine learning and data science: solving ridge-regression problems and sampling
Gaussian vectors. By adapting our bound Theorem 1 for block-CG, we obtain state-of-the-art
convergence guarantees for existing Lanczos-based methods used to solve these tasks.
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Surrogate-based Autotuning for Randomized Numerical Linear Algebra

Younghyun Cho, James W. Demmel, Michal Dereziniski, Haoyun Li, Hengrui Luo,
Michael W. Mahoney, Riley J. Murray

Abstract

The field of Randomized Numerical Linear Algebra (RandNLA) has made significant developments
and shown high quality empirical performance in some scenarios (e.g., overdetermined least-squares
solvers). However, the practical performance of a RandNLA method usually hinges on the careful
selection of multiple algorithm-specific tuning parameters. In addition, such a parameter selection
would affect both the runtime of the algorithm and the accuracy of the result, which makes the
parameter selection even harder. This motivates us to develop an automated process that helps find
the (near-)optimal parameters for practical performance, with a focus on the applications relevant
to RandNLA practitioners.

This extended abstract, which is based on our ongoing work [1], presents a surrogate-based au-
totuning approach for tuning RandNLA algorithms. We present a tuning pipeline that is built
based on Bayesian optimization (BO) with Gaussian Process (GP) regression, which is an empiri-
cal approach where we aim to find the optimal parameter selection for a given tuning budget. At
a high level, our pipeline follows the typical BO procedure, where we evaluate several parameter
configurations, (iteratively) build a surrogate performance model based on the obtained evaluation
results, and then find the next sample to evaluate until we reach the given tuning budget, along
with an objective function to minimize the runtime of the algorithm while providing a satisfactory
accuracy. Furthermore, we also apply a transfer learning approach to further reduce the tuning
cost, especially when there are previously collected evaluation data from other similar but different
tasks (e.g., the same algorithm but solving with different input data matrices). This makes the
tuning approach more cost efficient and practical for RandNLA practitioners. The tuning pipeline
uses GPTune [11] as the BO framework. GPTune is an open-source autotuner that was origi-
nally designed for tuning large-scale high-performance computing codes but is also general and can
support tuning other domains of codes.

In particular, we show the efficacy of our tuning pipeline, in the context of sketch-and-precondition
(SAP) based randomized least squares methods in solving large-scale overdetermined problems,
minimizing || Az — b||3, where A is with the size of m by n with m > n, as SAP-based randomized
least squares solvers that have been one of the successful applications in RandNLA. The SAP least
squares approach can be summarized into following five steps: (1) Construct a sketching matrix
S (with size of d by m; multiple schemes exist such as Sparse Johnson-Lindenstrauss Transform
(SJLT) [5] and LessUniform [6, 7] to form a sketching matrix) to approximate the input data
matrix A, (2) Compute A = SA, (3) Generate a preconditioner matrix M from A (e.g., using
QR or SVD), (4) Use an iterative method for the preconditioned least squares for minimizing
|AMz = b||3 (e.g., using preconditioned LSQR or preconditioned gradient descent (PGD)), and
finally (5) Compute the result vector, M z.

We observe that the SAP-based least squares solver has multiple types of parameters to be tuned.
The possible tuning parameters include some categorical variables to choose what the sparse sketch-
ing operator and the iterative solver for the preconditioned least squares to be used, as well as
continuous/integer parameters to configure the size of the sketching matrix (d of S) as well as the
sparsity of the sketching matrix (i.e., number of nonzero elements per row or column of S). In our
experiments, we search this categorical space, using several implementations that are motivated by
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the well-known works such as Blendenpik [2], LSRN [3], and NewtonSketch [4]. Then, we search a
certain range of continuous/integer parameters to configure the sketching matrix, in terms of the
size of the sketching matrix and the sparsity of the sketching matrix. In addition, the iterative
solvers such as LSQR [8] and PGD finish their iterations based on the termination criteria with a
desired level of accuracy (which we call “safety factor”). We regard that as a tuning parameter, and
our tuning pipeline computes a relative residual error by comparing the results of the SAP least
squares solver and the result obtained from a traditional direct solver. The relative error is used as
the key indicator to quantify the quality of the SAP least squares solver for a given parameter con-
figuration as well as the running time of the algorithm. For the SAP least squares solvers, we used
a Python version prototype RandNLA package, PARLA [9], that provides the implementations for
the SAP least squares solvers with the interface to control the abovementioned parameters.

We use multiple synthetic matrices and several real-world input matrices to test the efficacy of our
tuning pipeline [1]. Our experimental results show promising results that GP-based BO approach
is effective in tuning the parameters for RandNLA algorithms, in comparison with other primitives
such as random search or grid search. Moreover, we also show that transfer learning can further
improve the tuning efficiency by leveraging the data obtained from other input data matrices.
For transfer learning, within the Bayesian optimization process, our tuner chooses the categorical
variable, i.e., the SAP algorithm and the sketching operator, using the Upper Confidence Bound
(UCB) bandit function, and then we apply a GP-based multitask learning technique [12], called
Linear Coregionalization Model (LCM), in order to learn from historical samples within the same
chosen category from the source matrices. That improves the tuning quality and cost, compared to
non transfer learning-based tuning. Overall, the success of the empirical tuning approach suggests
possible practical use cases. For example, users can use our autotuning pipeline in order select
the parameters for running a RandNLA algorithm. If the user has a larger dataset size, the user
can down-sample their input data and perform autotuning (with or without transfer learning), and
then use the chosen parameter configuration to run the algorithm on a larger dataset.

For future work, our tuning pipeline can be extended or tested for other RandNLA problems. While
our experiments have primarily focused on the problem of overdetermined least squares, the basic
lessons from our work are applicable in other contexts, such as low-rank approximation, and also for
tuning large-scale high-performance computing applications. In addition, our tuning pipeline can
further be improved to be even more robust and effective in tuning RandNLA workloads that are
hard to achieve valid parameter configurations for a given residual accuracy requirement. From a
theoretical perspective, the integration of surrogate-based optimization techniques with RandNLA
algorithms opens up new avenues for research at the intersection of machine learning and numerical
linear algebra. We can also explore how these autotuning techniques could be incorporated directly
into adaptive algorithms, allowing numerical methods to automatically adjust their behavior based
on the properties of the input data. In conclusion, the development of these surrogate-based
autotuning techniques represents a significant step forward in bridging the gap between theoretical
advances in RandNLA and their practical performance engineering.
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Online Machine Learning for Solving a Sequence of Linear Systems

Mikhail Khodak, Edmond Chow, Maria-Florina Balcan, Ameet Talwalkar
Abstract

Machine learning is often presented as an alternative to well-established and effective numerical
methods. In this work, we present an example where machine learning is used to augment existing
numerical methods.

Consider solving a sequence of linear systems
At.l‘:ft, tzl,...,T

with SOR(w), or some other preconditioner—solver combination in general, where we need to choose
a parameter for the preconditioner or solver for each system. We are to solve each system before
the next system is presented to us. Our goal is to choose the SOR parameter w for each system to
minimize the total number of iterations. To accomplish this, we can make use of the information
about the number of iterations used to solve previous systems.

There must be some assumptions for us to do anything interesting. We could assume, for example,
that the sequence of matrices {A;} changes slowly. This type of assumption could be useful if we
are further allowed to use a method to obtain a good estimate of w, when needed. Then, we could
use this value of w for solving several linear systems until the number of iterations required for
a system becomes so large that it becomes profitable to estimate a new value of w. This kind of
strategy has appeared in various guises in the literature and is perhaps the best competitor strategy
to what we will present here.

In this work, we consider using multi-armed bandits from online machine learning to select the
value of w for solving each system. Such algorithms are very effective for the following class of
practical problems. Suppose every time a user visits your web page, you have the choice of showing
an advertisement in one of four locations: top, bottom, left, and right. You wish to choose the
location each time to maximize the total number of times users visiting your web page will click
on the advertisement. The underlying assumption is that there is an unknown probability that a
user will click on the advertisement in each of the four cases. Your problem is to discover the case
that has the highest such probability (exploration), while also trying to maximize the number of
clicks (exploitation) by not wasting time on low probability cases, and possibly not knowing the
number of users your web page will ultimately have. Formally, the multi-armed bandit problem is
the following:

Multi-armed bandit problem

fort=1,...,7 do
Choose and perform action a; from {1,..., d}
Receive reward (or loss) yq
Different actions lead to different rewards.
Do not see rewards for actions not taken.
end for

The actions are choosing among the four locations where we can place the advertisement. For our
sequence of linear systems, the actions are choosing a (discretized) value of w. The goal is to choose
the actions such that the cumulative regret is minimized. The cumulative regret is the difference
between the expected reward for the single best action and the expected reward for our choice of
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actions, summed over ¢ rounds. In particular, the goal is to obtain strategies that give cumulative
regret that is sublinear in t.

We address two types of assumptions about our sequence of linear systems: (1) the optimal w
follows a fixed distribution and (2) the optimal w follows a distribution that changes. Case (1) can
be handled with stochastic bandits such as UCB1, an upper confidence bound algorithm. Case
(2) can be handled with adversarial bandits such as Exp3, the exponential-weight algorithm for
exploration and exploitation. We further look at sequences of matrices of the form A; = A 4 ¢/
where the scalar shift ¢; is known before w is chosen. This case can be handled by contextual
bandits.

The simplest contextual bandit algorithm will discretize the contexts (shifts) into intervals and use
an adversarial bandit separately on each interval. However, we want an approach that exploits the
smoothness of the optimal mapping from the context (shift ¢) to the action (w). For this, we reduce
the online contextual bandit problem to a problem of online regression to finding a weight vector
w given observations that arrive in sequence:

Online regression protocol for y = f(z;w)

Initialize regression weights w
fort=1,...,7 do
Observe x;
Predict g, = f(x4;w)
Observe y; and suffer loss (9; — y¢)?
Update w
end for

In online regression, the goal is to choose the weights to minimize the cumulative loss. For our
contextual bandit, we assume we have a good method for solving this problem (the oracle). In
particular, in our contextual bandit, we use online regression to fit the loss vs. (context, action),
i.e., y = number of iterations vs. z = (¢, w).

An example of such an approach is the SquareCB algorithm (Foster and Rakhlin, 2020):
SquareCB algorithm

Input: learning rate n > 0, exploration parameter p > 0
fort=1,...,7 do

Observe context c;

Compute 3t o = f(ct, a;w) for all possible a

by = arg ming, Ji 4

_ 1
Pta = wt+n(9t,a=Yt,6,) Va # by

Pepe =1 — Z@ébt Pt

Sample a; ~ p; and perform action a;

Observe actual loss y;

Update the online regression oracle with example ((ct, at), yt)
end for

Above, the action a can be associated with possible values of w for our setting of solving a sequence
of linear systems.

We develop a contextual bandit called ChebCB, a contextual bandit using Chebyshev regression.
For each action (possible w) separately, we fit the loss vs. context ¢ using regularized polyno-
mial regression. In particular, we use polynomials in a Chebyshev basis with coefficients for each
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Chebyshev polynomial constrained to be small.

We do not show the results here, but tests on a 2-D heat equation with time-dependent coeffi-
cients and time-dependent forcing show that the ChebCB contextual bandit method asymptotically
achieves the performance of the instance-optimal policy, which selects the best w for each instance.

In summary, this work shows the potential of using well-understood learning algorithms to aug-
ment and speed up linear system solvers, without sacrificing the ability to obtain high accuracy.
Additional information can be found in the reference below.

[1] M. Khodak, E. Chow, M.-F. Balcan, and A. Talwalkar, Learning to Relax: Setting Solver Parameters
Across a Sequence of Linear System Instances, Proceedings of the 12th International Conference on
Learning Representations (ICLR), 2024. Spotlight. https://arxiv.org/abs/2310.02246
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Efficient sample average approximation techniques for hyperparameter
estimation in Bayesian inverse problems

Julianne Chung, Malena Sabaté Landman, Scot M. Miller, Arvind K. Saibaba

Abstract

Inverse problems arise in many important applications, where the aim is to estimate some un-
known inverse parameters from given observations. For large-scale problems where the number of
unknowns can be large (e.g., due to the desire to reconstruct high-resolution images or dynamic
image reconstructions) or for problems where observational datasets are huge, estimating the in-
verse parameters can be a computationally challenging task. Although there have been significant
advancements in solving inverse problems, many of these approaches rely on a pre-determined,
carefully-tuned set of hyperparameters (e.g., that define the noise and prior models) that must
be estimated from the data. The need to estimate these hyperparameters further exacerbates the
problem, often requiring repeated solves for many combinations of hyperparameters. In this work,
we propose a sample average approximation (SAA) method that couples a Monte Carlo estimator
with a preconditioned Lanczos method for the efficient estimation of hyperparameters in Bayesian
inverse problems.

We are interested in linear inverse problems that involve recovering the parameters s € R” from
measurements d € R™, which have been corrupted by additive Gaussian measurement noise, n €
R™ and takes the form

d=As+n, n ~ N(0,R(0))

where A € R™*™ represents the forward map and @ € RE | represents the (nonnegative) hyperpa-
rameters. In the hierarchical Bayes approach, we treat 8 as a random variable, which we endow
with prior density 7y, (6). We assume that the noise covariance matrix R : Rf — R™*™  where
R(-) is symmetric and positive definite (SPD), and has an inverse and square root that is compu-
tationally easy to obtain for any input (e.g., a diagonal matrix or a scalar times the identity). We
assume that the prior distribution for the parameters s is also Gaussian of the form N (u(8), Q(9)),
where p : RE — R™ and Q : R — R™ ", where Q(-) is assumed to be SPD.

With the above assumptions, we obtain the marginal posterior density,
_ 1
(014) o 7y (0)det (#(0) ™ e (3 1Au(0) iy ). )

where ¥(0) = AQ(8)AT + R(6). One goal would be to draw samples (e.g., using Markov Chain
Monte Carlo) from (1), and using the samples to quantify the uncertainty in the hyperparameters.
However, this may be prohibitive for large-scale problems because evaluating the density function
(or its logarithm) requires evaluating the determinant of and multiple solves with the matrix ¥ that
depends on @, which can be expensive. To compound matters, hundreds of samples are required to
get accurate statistics, which can involve several hundred thousand density function evaluations.

Instead, we follow an empirical Bayes approach and focus on computing the maximum a posteriori
(MAP) estimate, that is, the point estimate that maximizes the marginal posterior distribution
or, equivalently, minimizes the negative log of the marginal posterior. That is, the problem of
hyperparameter estimation becomes solving an optimization problem:

. - 1 1 )
i F(0) = ~og gy (6) + 51ogdet(¥(0) + 5| A1(0) o)1 (2)
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Notice that solving (2) is a computationally intensive task since it involves computing log deter-
minants. To address this challenge, we consider an SAA method for computing the MAP estimate
of the marginalized posterior distribution that combines a stochastic average approximation of the
objective function and the preconditioned Lanczos method to compute efficient approximations of
the function and gradient evaluations. The novel contributions of this work are as follows.

1. The method to estimate the objective function combines a Monte Carlo estimator for the
log-determinant of the matrix with a preconditioned Lanczos approach to apply the matrix
logarithm. We analyze the impact of the number of Monte Carlo samples and Lanczos
iterations on the accuracy of the log-determinant estimator.

2. We use a novel preconditioner to accelerate the Lanczos iterations. The preconditioner is
based on a parametric low-rank approximation of the prior covariance matrix, that is easy to
update for new values of the hyperparameters. In particular, no access to the forward/adjoint
solver is needed to update the preconditioner, and only a modest amount of precomputation
is needed as a setup cost (independent of the optimization).

3. We also use a trace estimator to approximate the gradient that has two features: first, it
works with a symmetric form of the argument inside the trace, and second, it is able to reuse
Lanczos iterates from the objective function computations. Therefore, the gradient can be
computed essentially for free (i.e., requiring no additional forward/adjoint applications).

Related works. The methods we describe here have some similarity to existing literature and
share certain techniques in common. The problem of optimizing for hyperparameters is closely
related to parameter estimation in Gaussian processes on maximum likelihood (we may think of it
as setting the forward operator as the identity matrix). The literature on this topic is vast, but
we mention a few key references that are relevant to our approach. In [3], the authors propose
a matrix-free approach to estimate the hyperparameters and also use an SAA for optimization.
In [2], the authors propose a reformulation of the problem that avoids computing the inversion of
the (prior) covariance matrix. Approaches based on hierarchical matrices are considered in [8, 10, 1].
Preconditioned Lanczos methods for estimating the log-determinant and its gradient are considered
in [6, 7]. However, the main difference is that the Gaussian process methods do not involve forward
operators. This raises two issues: first, we have to account for the problem structure which is
different from Gaussian processes, and second, we have to account for the computational cost of
the forward operator (and its adjoint), which may be comparable or greater than the cost of the
covariance matrices.

On the inverse problem side, there have been relatively few works on computing the hyperparam-
eters by optimization. Several works (e.g., [4]) instead use sampling methods (e.g., Markov Chain
Monte Carlo), but these methods are extremely expensive since they require several thousand eval-
uations of the likelihood to achieve accurate uncertainty estimates. In [9], we developed efficient
methods for hyperparameter estimation based on low-rank approximations using the generalized
Golub-Kahan iterative method. A brief review of other techniques is also given in the same paper.
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Bridging Linear Algebra and Autoencoders

Matthias Chung

Abstract

In recent years autoencoders — mappings Ag : X — X parameterized by § € R¢ — have emerged
as a cornerstone of machine learning and data science, playing a pivotal role in numerous applica-
tions. Their ability to learn efficient low-dimensional representations of data has led to significant
advancements in fields such as image and natural language processing, anomaly detection, and
generative modeling.

While universal approximation theorems provide a general theoretical foundation of autoencoder,
various analytical aspects such as interpretability, robustness, network design, and hyperparameter
selection remain relatively unexplored. Numerical linear algebra has played a fundamental and
crucial role in the development of modern science and technology and its impact on autoencoders
remains under-utilized.

The connection between linear autoencoder and singular value decomposition/principal component
analysis has been laid out in various works. Recognizing the connection between linear autoencoders
and singular value decomposition has sparked novel research utilizing autoencoders in fields such as
matrix factorizations, model reduction, denoising, spectral clustering, and low-rank approximations
to name a few.

In this work, we aim to investigate and initiate discussions on how tools from the numerical linear
algebra community may provide fundamental and novel results for autoencoders, scientific machine
learning, and beyond. We will discuss fundamental connections between matrix factorizations,
classical inverse problems, and autoencoders in the field of signal compression and inverse problems.
In the following, we provide details on the formulation of linear autoencoders through the Bayes
risk formulation and the linear algebra involved in its analysis.

Linear autoencoder. Autoencoders are neural networks that learn to encode input data x into
a compressed representation (latent representation) and then decode it back to reconstruct the
original data z € R™. Let us consider a linear autoencoder A € R™*" where each element in A
represents a trainable parameter. Assuming we have an /-dimensional latent space we may compute
a generic optimal autoencoder by minimizing the Bayes risk, i.e.,

i A)=E|[(A - Dz|3 1
min f(A4) =E|(A- Dal, 1)
given a distribution of the random variable x and where E denotes the expectation and I the

identity mapping. Assuming the random variable x has symmetric positive definite second moment
E 22" =T with Cholesky decomposition I' = BB, then

E (A~ Dz|; = tr((A—-DI(AT — 1)) = |AB - Bz (2)

and (1) is equivalent to
i AB - Bll;. 3
i | I 3)

For ¢ = n the identity mapping A = I is an optimal solution. For rank constraint problems ¢ < n
an optimal low-rank solution can be found using the following generalization of the Eckart—Young—
Mirsky theorem.
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Theorem 1. Let matriz B € R™™ have full row rank with SVD given by B =UXV . Then
A=UU/
s a solution to the minimization problem

i AB — BJ?
mﬂﬁgﬂ iz

having a minimal Frobenius norm ||A||p = V¢ and |AB — B||% = Y i1 0k(B). This solution is
unique if and only if either { =n or 1 <l <n and o¢(B) > op41(B).

Following this result, the natural choice for the autoencoder A to be decomposed into an encoder
and a decoder is A = DE , with encoder and decoder being E=U KT and D = Uy, respectively. Note
that this decomposition is not unique, e.g., let K be any n x n invertible matrix then E= Ug—r K
and D = K —1U,, are valid choices.

Sparse autoencoder. While for small latent spaces ¢ < n one obtains a low-rank approximation and
a compressed approximation on the original signal x. However, compression can also be obtained
utilizing a compressed sensing framework. Let us consider the problem of finding an optimal linear
autoencoder A with the decomposition A = DE into encoder E € R*™ and D € R™*¢ where ¢ > n
by minimizing L!-regularized optimization problem

i E |[(DE — Iz||?> + M| E 4
DeRn?@l}é‘leRExn ||( )l’” || ‘/EHl ( )

with A > 0. Autoencoders with £ > n are referred to as overcomplete autoencoders. Such sparsity-
promoting overcomplete autoencoders were first been introduced in the 2010s with pioneering work
from various research groups but are not commonly utilized. The generalized lasso approach (4) may
generate sparse vectors Fx while maintaining the same expected squared error as an undercomplete
linear autoencoder where ¢ < n.

Numerical results. We present our analytical findings and confirm them through numerical exam-
ples. We approach linear inverse problems using linear autoencoder approximations with theoret-
ical guarantees. Here, we illustrate this with medical tomography, deblurring, and a classic heat
equation. Furthermore, we analyze small angle scattering (SAS) data — a technique from material
science to obtain information about the size, shape, and arrangement of material — via the proposed
sparse autoencoder. We are able to obtain superior compression rates compared to state-of-the-art
approaches.
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Fast Randomized Column Subset Selection Using Strong Rank-revealing QR

Alice Cortinovis and Lexing Ying

Abstract

Many large-scale matrices arising in applications have a low numerical rank, and while the trun-
cated singular value decomposition gives a way to construct the best low-rank approximation with
respect to all unitarily invariant norms, this is often too expensive to compute. For this reason, dif-
ferent types of low-rank approximation strategies have been analyzed in the literature, for example,
approximations constructed from some rows and columns of the matrix. In practice, the strategy
for choosing rows and columns depends on the properties and the size of the matrix. Several de-
terministic and randomized strategies for selecting rows and columns for CUR approximation have
been developed; see, e.g., [1] for an overview.

This talk is concerned with the analysis of a randomized algorithm that selects suitable rows and
columns. The algorithm is based on an initial uniformly random selection of rows and columns,
followed by a refinement of this choice using a strong rank-revealing QR factorization. We show
bounds on the error of the corresponding low-rank approximation (more precisely, the CUR ap-
proximation error) when the matrix is a perturbation of a low-rank matrix that can be factorized
into the product of matrices with suitable incoherence and/or sparsity assumptions. The talk is
based on the paper [2].

The column subset selection problem

Let A € R™ "™ be the matrix we want to approximate (the discussion easily generalizes to rectangular
matrices). Let us denote by I,J € {1,... ,n}Z ordered index sets that correspond to rows and
columns of A, respectively, for some ¢ < n, and let us denote by A(I,:) € R™ and A(:, J) € R™*¢
the submatrices of A corresponding to the rows indexed by I and the columns indexed by J,
respectively. An approximation of A using these rows and columns has the form

A= A J)MA(L:),

for some matrix M € R®* The choice of M that minimizes the low-rank approximation error
|A— A(:, J)MA(I,:)||r in the Frobenius norm is the orthogonal projection M = A(:, J)TAA(I,:)T,
where 1 denotes the Moore-Penrose pseudoinverse of a matrix. The resulting approximation is
usually called a “CUR approximation”.

The quality of the low-rank approximation, that is, the norm of the error matrix A—A(:, J)M A(I,:),
depends on the choice of rows and columns, and can be bounded, in the spectral norm, by

1A = AG, DMAL:) 2 < || A= AG, )AG, T)TAll2 + | A — AAL )AL ) |2, (1)

where the two terms on the right-hand-side are the column and row subset selection error, respec-
tively. For the remaining part of the talk, we focus on the problem of choosing columns, because
the rows can be selected in the same way and the error of the corresponding CUR approximation
is bounded as in (1).

73



The proposed strategy

The simplest method to select columns is to choose some columns uniformly at random, which gives
good low-rank approximations in many cases of interest. In [3], it was shown that if A is a rank-k
matrix that admits a low-rank decomposition with incoherent factors, uniform sampling of rows
and columns allows to recover the matrix. Given a matrix X € R™* with orthonormal columns,
the coherence of X is defined as

{1 :=n max |z|?,

1<i<n
1<5<k

and we say that X is u-coherent. We say that a matrix is incoherent when g is small. The concept
of incoherence informally means that the information about the matrix is “evenly spread out” across
all rows and columns.

The favorable property of uniform sampling can be extended to matrices that have low numerical
rank [4]. When the matrix A does not satisfy these incoherence assumptions, heuristic approaches
were considered, e.g., in [5, 6], where the idea is to refine the choice of the uniform sampled columns
using a rank-revealing decomposition. The algorithm that we consider is the following.

Algorithm 1 Proposed algorithm for column subset selection
Require: Matrix A, number of indices £y, £, £p
Ensure: Column index set J of cardinality ¢, + ¢
1. Select ¢y rows of A uniformly at random (index set Ip)
2: Select £, columns of A(Iy,:) by sRRQR (index set J,)
3: Select another ¢, columns of A uniformly at random (index set J)
4: Return the column index set J = (Jq, Jp)

Here, sSRRQR denotes the strong rank-revealing QR factorization [7]. Informally, this is a partial
pivoted QR factorization that ensures that the first ¢, columns of A(ly,:) are a good approximation
of the range of the columns of A(lp,:). A rank-k sRRQR factorization for an m x n matrix
can be computed in time O(mnklogn), therefore the algorithm runs in time O(nf?logn), where
¢ = max{{y, ly, {p}; in particular, the cost is sublinear with respect to the size of the matrix.

When is there hope for Algorithm 1 to work?

Let us look at a few illustrative examples to see when Algorithm 1 is likely to return a good column
set for low-rank approximation purposes. For example, if A is a matrix of all ones (and thus has
rank 1), uniformly sampling just one single column gives a vector that spans the range of A. The
singular vectors of A are as incoherent as they could possibly be. Now consider, instead, a matrix B
which is made of zeros except for one entry: in this case, neither uniform sampling nor Algorithm 1
will be able to correctly locate the only important column with high probability. The singular
vectors of B have coherence n, the highest possible value.

There is some interesting middle ground in which uniform sampling alone is not good enough, but
the combination with sSRRQR gives us a good column subset. For example, consider the case of a
rank-2 matrix C' € R"*" that has entries ¢1; = ¢j1 = 1 for 1 < j < n and zeros elsewhere. The row
set Iy, chosen uniformly at random, will likely not include the first row. However, when looking at
the matrix C'(1y, :), the sSRRQR algorithm will select a set J, containing the first column, plus some
other ¢, — 1 columns sampled uniformly at random. Now, the set J will contain the first column
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and at least another column; therefore, it is enough to span the range of C. We can decompose
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Note that, for each j = 1,2, one between the j-th column of X and the j-th column of Y is
sparse and the other one is incoherent. This example suggests that when a matrix has a rank-k
decomposition X ZY T (possibly, up to an additive error E), there is hope for Algorithm 1 to work
when, for each i = 1,...,k, one between the i-th columns of X and of Y is sparse, and the other
is incoherent.

Analysis of column quality

Our analysis considers the case in which A has rank exactly k and the case in which A is a
small perturbation of the exact case. For simplicity, we state our results in the perturbed case,
with slightly simplified assumptions, and we omit explicit constants; the precise results are in our

paper [2].

Assumptions. We assume that A admits an approximate rank-k factorization A = XZY 7' + E,
for some X € R™* and Y € R"** where X and Y have orthonormal columns, Z € RF*¥ is
diagonal, and the corresponding pairs of vectors of X and Y are either both incoherent (u-coherent
with a small value of 1) or one is sparse and the other one is incoherent. Moreover, we assume that
|Ell2 <e.

Main theorem. If the assumptions hold and we take ¢q, ¢,, ¢, to be a small multiple of uk, then
the column index J returned by Algorithm 1 satisfies

o T
|4 = AGDAG ) Al < O <5n\/§ G;g%)

with high probability.

Sketch of proof ingredients. One important ingredient in the proof of our main result is the
fact that selecting uniformly random rows from a matrix with orthonormal columns gives, with
high probability, a well conditioned matrix [8]. The second ingredient is the SRRQR, which allows
us to determine what are the most “important” columns in a given matrix (since this is used on a
rectangular matrix which is much smaller than A, this is fast to do).

Intuitively, the columns corresponding to the index set J, generated by lines 1 and 2 of Algorithm 1
are a good approximation to the part of A that corresponds to the pairs of vectors of X and Y that
are of type (incoherent,incoherent) or (incoherent,sparse). The additional selection of ¢, uniformly
random columns in line 3 ensures that, with high probability, also the information from the pairs
of vectors of X and Y of type (sparse,incoherent) is taken care of.

75



Take-away messages and open questions

The analysis of Algorithm 1 shows that this combination of randomness and sRRQR is able to
combine the speed of randomized algorithms with the reliability of sSRRQR, for the matrices that
admit a decomposition with the assumptions above. While it is difficult, in general, to check
whether a matrix A admits a decomposition satisfying these assumptions, the objective of this talk
is to shed some light on the excellent practical performance of simple sublinear-time algorithms for
column and row subset selection. It is easier to think of X ZY T as the singular value decomposition
of A or its best rank-k approximation, but actually, we do not require X and Y to have orthonormal
columns, as long as they are well-conditioned. This flexibility allows us to apply our bounds to a
larger class of matrices.

Our results do not cover all the matrices for which there is hope. For example, a scenario that is
not covered by the current theory and is left for future work consists of matrices that have some
pairs of vectors of X and Y for which one of them is incoherent and the other one does not have
any specific assumption (that is, it may be coherent but not sparse).

It is possible to formulate an iterative version of Algorithm 1, such as the one considered in [6],
in which one, after line 3, again performs an sSRRQR factorization, adds some uniformly sampled
rows, and then repeats this procedure a couple of times alternating between the selection of rows
and columns. While the practical benefits of this “iterative refinement” for many matrices have
been well documented, a theoretical analysis is still lacking and is an interesting direction for future
research.
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Rank-revealing QR factorizations: applications, algorithms, and theory

Anil Damle
Abstract

Rank-revealing factorizations, e.g., [2, 7], have a long history in numerical linear algebra. We con-
tinue this story in multiple directions by discussing recent highlights of their development and use.
This starts with a discussion about how pivoted QR factorizations play a central role in techniques
for compressing modern, large-scale deep learning models [3, 5]. Motivated by that work we briefly
highlight recent advances in computational methods for computing interpolative decompositions
that leverage tools from randomized numerical linear algebra [1] and discuss associated theoretical
developments that more clearly capture the behavior of low-rank matrix approximations derived
from pivoted factorizations

Modern deep learning models are often vastly overparametrized for their desired task; it is difficult
to determine a optimal model size based on a description of the problem and/or training data.
However, this has consequence as it leads to large models that are expensive to store and run
inference on. We show that given a small amount of (potentially unlabeled) data we can compress
a given model into one of smaller size that retains the same structure as the original model—it is
just smaller. To illustrate this process we can consider a one-hidden layer neural network

fla) = o(@W)a,

where z € R? represents a data point, W € R is the weight matrix, o € R™ is a linear last
layer, and o is a non-linear fun/c\tion applied entrywise. Our task is to compute W™ and a™ with
m < n such that f(z) ~ o(z” W)a to the desired accuracy and for all sensible z.

Given some small amount of data points, which we encode as the columns of X, we accomplish
this goal by computing an interpolative decomposition [4] of Z = o(XZW)a as

Z~ Z(:C)T,

where C represents a subset of the columns of Z. Because the non-linear function is applied entrywise
it commutes with subset selection and we have that

f(z) =~ J(xTW(:,C))(Ta).

Letting W = W(:,C) and @ = T« accomplishes our goal. This idea can be extended to multiple
layers and more complicated layer types.

In the preceding use case, the matrices that we have to compute interpolative decompositions of
can be quite large. However, the final quality of the process is not typically dependent on the
exact subset of columns chosen—we just need a sufficiently good subset. This motivates the use of
randomized algorithms to rapidly compute a suitable C. Numerous algorithms exist for this task, and
we provide a novel randomized version of the Golub-Klema-Stewart subset selection algorithm [6]
that performs admirably in practice. In particular, we observe that its performance (and that
of alternatives) depends on properties of singular vectors and we derive theoretical bounds that
highlight this fact [1].
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On Minimizing Arithmetic and Communication Complexity of Jacobi’s
Eigenvalue Method: Review and Beyond

Yifu Wang, James Demmel, Hengrui Luo, Ryan Schneider

Abstract

Jacobi’s method iteratively computes the eigenvalues and eigenvectors of a symmetric matrix.
Remarkably simple to implement, Jacobi’s method is a compelling candidate for use on large-scale
applications. On the other hand, matrix multiplication is fundamental in numerical linear algebra,
often regarded as a building block for other matrix computations.

With these in mind, we establish theoretical bounds on the asymptotic complexity of Jacobi’s
method in both arithmetic and communication, aiming for efficiency comparable to matrix multi-
plication.

We not only analyze the complexity of sequential and parallel Jacobi using classical O(n3) matrix
multiplication, but also introduce recursive Jacobi’s methods that leverage Strassen-like O(n“?)
matrix multiplication to achieve optimal arithmetic and communication lower bounds. We also
offer rigorous proofs of convergence for the recursive algorithms. The main contributions are as
follows:

1. Starting from a dense real symmetric matrix A € M, (R) (without loss of generality, we
only consider the real case), the Classical Jacobi’s method sequentially rotates all off-
diagonal entries of A in some given ordering. We denote one sweep as rotating through all
off-diagonal entries of A once. Since Classical Jacobi almost always converges, we assume
that the algorithm converges in O(1) sweeps and the corresponding total arithmetic cost is

O(1) - 9(n?) = O(n3).

For estimating the lower bound on the communication cost, assume for now that we could
only change the ordering of rotations. We denote the size of fast memory by M. Then when
M2 < n < M, we can attain a lower bound of Q(n*/M) reads and writes to slow memory,
asymptotically exceeding the O(n?/ VM ) cost of classical matrix multiplication. To attain
the cost of matrix multiplication requires more changes to the algorithm.

2. Allowing ourselves more freedom than just choosing the ordering of to-be-rotated entries, we
next consider the Block Jacobi’s method, in which we rotate 2b-by-2b blocks instead of one
off-diagonal entry each time. We still assume O(1) sweeps for the algorithm to converge and
choose b to be able to fit three 2b-by-2b sub-matrices into the fast memory, i.e. b = (v M).
In this case, the algorithm attains the communication lower bound Q(n?/v/M) with O(n?)
matrix multiplication.

3. The highlight of this paper is the Recursive Jacobi’s method we introduce, along with a
series of its variations. To the best of our knowledge, this is the first work which can asymptot-
ically attain the arithmetic and communication costs of Strassen-like matrix multiplication,
including a convergence proof.

We first propose a “vanilla” recursive algorithm, in which we apply a divide-and-conquer
strategy, where the algorithm recursively partitions the input n-by-n matrix into smaller 2b-
by-2b blocks, until the size of the to-be-rotated sub-matrices reach a certain threshold, where
b=mn'/ and 0 < f < 1 is the block parameter. We show that under the assumption that the
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outermost sweep is executed O(1) times, the arithmetic complexity is F'(n) = O(n?(1=/)+wof),
which asymptotically approaches O(n*°) as f approaches 1.

Convergence analysis for Jacobi’s methods has been widely discussed, taking into account
various pivoting strategies (such as rotation orderings and the choice between block and cyclic)
as well as processing architectures (sequential or parallel). We refer readers to [7, 8, 10, 14] for
further details. A key ingredient in [7] towards convergence of Classical Jacobi is to restrict
the rotation angles of off-diagonal entries in a proper open subset of (=7, 7). An analog of
this for block Jacobi is the uniformly bounded cosine transformations [6]. By reordering the
columns of the orthogonal rotation matrix Q via applying QR decomposition with column
pivoting (QRCP for short) to the first-half leading rows of Q, [6] successfully addressed
convergence proof for the block cyclic Jacobi. We leverage this idea and introduce our first
variant of the recursive Jacobi method with a convergence guarantee, the Recursive Jacobi
with QRCP. This approach achieves convergence at the expense of a slight trade-off between
the optimal arithmetic complexity lower bound and the added cost of QRCP, which has an

O(n?) computational cost.

The key of ensuring convergence in [6, 7] is to bound the cosines of rotation angles away
from zero, which could also be done by applying LU decomposition with partial pivoting
(LUPP for short). Unlike QRCP, LU decomposition can be implemented recursively with
complexity of O(n*?) [2, Section 4.2], and adding partial pivoting to the algorithm won’t
harm the arithmetic complexity. By applying LUPP to the transpose of the first-half leading
columns of Q, we introduce the Recursive Jacobi with LUPP, which enjoys both optimal
O(n31=+woly arithmetic complexity and convergence.

In the sequential case, for 2 < wg < 3, the recursive Jacobi is shown to analogously get close to
attaining the expected communication lower bound Q(n®0 /AM*0/2=1) [13]. In practical terms,
recursive Jacobi should be considered as a “galactic algorithm” since the size n where the
algorithm shows benefits grows rapidly as f approaches 1.

. In addition to the sequential cases, we also studied parallel block Jacobi with O(n?) matrix
multiplication, in which the algorithm simultaneously rotates off-diagonal blocks in different
columns and rows [1, 9, 12]. We store the n-by-n matrix A on a VP x /P grid of P
processors, with block sizes b = n/ VP, which we assume to be an integer for simplicity.
Under this scenario, the arithmetic complexity is O(n3/P), which demonstrates the optimal
linear speedup, and the communication complexity is O(n?/v/P) words and O(v/Plog P)
messages, which attains the communication lower bound (except for the log P factor) for
classical matrix multiplication using the minimum amount of memory.

One remark is that the above studies and estimates readily extend to the SVD due to its strong
connection with Jacobi’s method [4, 5]. Furthermore, by not restricting ourselves to Jacobi-like
methods, our recursive algorithm technique can also benefit non-Jacobi methods, for example com-
bined with QDWH (QR-based dynamically weighted Halley algorithm) [11].

Additionally, since all our recursive algorithms follow a divide-and-conquer paradigm utilizing
O(n*°) matrix multiplication, it follows from the analysis in [2, 3] that all the proposed algorithms
are backward stable.

In conclusion:

1. We have demonstrated an asymptotic approach to make the Jacobi’s eigenvalue method and

SVD nearly as fast as matrix multiplication, in terms of both arithmetic and communication
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complexity, across several scenarios. For O(n?) matrix multiplication, we analyzed both
sequential and parallel Jacobi’s methods.

A remaining open question is whether the (better) lower bound and communication complezity
for matriz multiplication using more than the minimum memory is attainable for Jacobi.

. For O(n“?) matrix multiplication, we introduced a series of recursive Jacobi’s methods, fo-

cusing on minimizing arithmetic cost while also ensuring the convergence of the proposed
algorithms.

Another remaining open question is whether these asymptotically faster recursive Jacobi’s
methods can be parallelized and attain both the arithmetic and communication complexity
lower bounds of matriz multiplication.
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Randomized Algorithms for Solving Linear Systems
with Low-rank Structure

Michat Derezinski, Daniel LeJeune, Christopher Musco,
Deanna Needell, Elizaveta Rebrova, and Jiaming Yang

Abstract

We consider the task of solving a large system of linear equations Ax = b, where for simplicity, we
will assume that A is real, square, and full-rank. Iterative algorithms, such as LSQR, Conjugate
Gradient and other Krylov subspace methods, are a powerful tool for solving such linear systems.
Yet, the convergence properties of these methods are highly dependent on the singular value struc-
ture of the matrix A, and characterizing these properties effectively requires going beyond the usual
notion of condition number. In this talk, we will consider this problem in the context of linear sys-
tems whose singular values exhibit a low-rank structure, in the sense that A can be decomposed
into a low-rank ill-conditioned matrix (the “signal”) and a full-rank well-conditioned matrix (the
“noise”). Such linear systems are motivated by a range of problem settings, including in statistics,
machine learning, and optimization, where the “signal” is often low-rank due to inherent struc-
ture of the data, while the “noise” may be coming from measurement error, data transformations,
or an explicit regularizer imposed by the user. We will show how randomized sketching tech-
niques, including our recent works on randomized preconditioning [DMY25] and stochastic solvers
[DR24, DY24, DLNR24], can be used to exploit this low-rank structure in order to accelerate linear
system solving in ways that go beyond what is possible with Krylov subspace methods.

Linear systems with low-rank structure. Consider the following linear system task:
Solve Az =0b, given AeR™™ and beR",

where A is a full-rank matrix with singular values o1 > 09 > ... > 0,. For a given low-rank
parameter k € {1,...,n}, we will allow the top-k part of the singular values to be very ill-conditioned,
but assume that the tail is moderately well-conditioned, as measured by ky = op41/0,. For
example, if the matrix A is explicitly regularized, e.g., A = B + A}, as in ridge regression [AM15]
or cubic-regularized Newton’s method [NPO06], then k£ may correspond to the number of singular
values above the A threshold. Similar regularization effect occurs when A is distorted by isotropic
noise, A = B+ 0N, e.g., where N is Subgaussian [JohO1], or it is the error from stochastic rounding
[DBM*24]. Also, A may exhibit a power law singular value distribution (o; o< i77), e.g., due to a
data transformation with the Matérn kernel function [RWO06]. Here, different values of k capture
different signal-to-noise trade-offs. Our goal is to describe the convergence and computational cost
of iterative algorithms for solving Az = b in terms of the parameters n, k, and k;. One can also
consider the sparsity of A, but for simplicity, we will focus on the dense setting.

Effectiveness and limitations of Krylov subspace methods. A careful analysis of Krylov
subspace methods such as LSQR and CG for solving linear systems with low-rank structure [ALS6]
shows that they need k iterations to capture the top-k singular vectors, and then O(ky log(1/e))
iterations to converge at a rate that depends only on xy, (with sy replaced by /kj when A is positive
definite). Thus, for a dense A, before reaching a fast convergence rate of O(n?sy, log 1/€) operations,
Krylov methods require an initial O(n2k) cost (corresponding to roughly k matrix-vector products)
to capture the low-rank structure of A, which is expensive for large k. This n2k bottleneck can
be established as a lower bound not just for Krylov methods but for any algorithms that access A
only through matrix-vector products [DLNR24].
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Given the above problem formulation and discussion, the central question of this talk is:

Can the n’k bottleneck in solving linear systems with low-rank structure be overcome,
when given direct access to A and allowing randomization?

Randomized preconditioning via sparse sketching. Randomized sketching offers a powerful
set of tools for accelerating linear solvers. While these approaches have traditionally focused on very
tall least squares problems [AMT10], linear systems with low-rank structure offer another setting
where sketching can be beneficial. Such an algorithm starts by applying a random matrix S € R%*"
(e.g., Gaussian) to the matrix A, producing a smaller sketch A = SA € R**", where s < n is the
sketch size. This sketch can now be used to construct an approximate low-rank decomposition of
A, e.g., by orthonormalizing the columns of AT to obtain an n x s matrix Q and projecting A
onto the subspace defined by those columns, 4 = AQQT ~ A [HMT11]. The intuition here is that
A approximates A reasonably well in the top-k singular directions as long as the sketch size s is
sufficiently larger than k, and this approximation can be further boosted via subspace iteration.

If implemented naively, sketching does not appear to overcome the O(n%k) computational barrier
exhibited by Krylov methods, due to three bottlenecks: (1) applying the sketching matrix S,
(2) projecting via the orthogonal matrix @, and (3) performing subspace iteration. Each of these
require at least k matrix-vector products to produce a decent preconditioner for a linear system
with rank k structure. However, given direct access to A, the sketching cost (bottleneck 1) can
be reduced by using fast sketching methods, e.g., by making S extremely sparse, which is known
to retain similar guarantees as a Gaussian matrix. Moreover, recent works have shown that a
careful construction of the preconditioner can avoid the full projection step (bottleneck 2): in the
positive definite case, by relying on Nystrom approximations [FTU23], and in the general case,
by using an inner solver to construct the preconditioner implicitly [DMY25]. In the latter work,
we showed that this approach can be used to solve a linear system in O(n%k,\/n/klog1/e + k%)
operations (up to minor logarithmic factors), where the term y/n/k comes as a trade-off from
omitting subspace iteration (bottleneck 3). When k is sufficiently large and kj small enough, this
overcomes the n?k barrier.

Stochastic solvers via Sketch-and-Project. Another class of methods that use randomized
sketching and/or sub-sampling to go beyond matrix-vector products are stochastic iterative solvers
such as randomized Kaczmarz and coordinate descent, among others. Viewed in the context of
sketching, many of these methods can be unified under the framework of Sketch-and-Project [GR15].
Here, we consider a solver that updates an iterate x; by repeatedly sketching the system Ax = b
and projecting x; onto the solutions of the sketched system:

Tyl = arg IrrelIer}l |y — z|| subject to SAxz = Sb.

While stochastic solvers have traditionally been considered effective primarily in specialized settings
where we may not be able to perform full matrix-vector products with A (e.g., due to memory or
bandwidth constraints), we have shown in recent works that these methods can also be particularly
effective for linear systems with low-rank structure. Here, the intuition is that the sketched system
S Ax = Sb retains the information about the top-k singular directions of A, which gives the Sketch-
and-Project solver a convergence rate akin to being preconditioned with a rank k approximation
[DR24]. We have adapted this approach to a simple Randomized Block Kaczmarz method [DY24],
as well as a variant with Nesterov’s acceleration [DLNR24], showing that these algorithms can solve
a linear system in O((n? 4+ nk?)k; log 1/€) operations. This recovers the fast Krylov convergence of
O(n?kylog 1/€) operations for up to k = O(y/n), while entirely avoiding the n?k bottleneck.
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Sketched GCRODR and its Convergence Analysis

Eric de Sturler and Fei Xue
Abstract

We develop a sketched version of the GCRODR, algorithm for the solution of a sequence of linear
systems. The recycling approach in GCRODR with an approximate invariant subspace allows
us to derive upperbounds on the convergence of GCRODR based on the field of values of the
projected system (see below). We extend this convergence result to upperbounds on the convergence
of a sketched GCRODR (S-GCRODR). The bounds for S-GCRODR deteriorate from those for
GCRODR as a function of the subspace embedding distortion €, and we provide expressions for
this relation.

Sketching offers the opportunity to substantially reduce the high orthogonalization cost in long-
recurrence solvers like GMRES. Several approaches have been explored. Balabanov and Grigori
[1] replace the inner products in the orthogonalization by sketched inner products, replacing an
orthogonal projection by a oblique projection (but typically close to orthogonal), which maintains
the stability of the Arnoldi process. While they demonstrate good performance improvements on
HPC architectures, the approach does not reduce the computational complexity, O(nm?) for m
iterations with A € C™*™. On the other hand, Nakatsukasa and Tropp [5] generate the Krylov
space with truncated Arnoldi and use sketching for the LS solution of the resulting, potentially very
ill-conditioned, system. This approach has the significant advantage that it drastically reduces the
computational complexity to O(nmlogm) for m iterations. However, the severe ill-conditioning of
the basis vectors typically leads to some deterioration of the convergence. We propose an efficient
and convergence-wise effective combination of the two approaches.

We consider the solution of a sequence of linear systems, AWz() = ), where A € C*™ ™, and
where the matrices change slowly. We aim for robustness and reduced iterations as well as a signif-
icant reduction in the average cost per iteration. Recycling Krylov subspaces from previous linear
solves can drastically reduce the total number of iterations, which suggests that the approximate
orthogonalization by sketching of new Krylov vectors against the recycle space is important. This
introduces only a linear cost in the number of iterations. In addition, we substantially reduce
the computational complexity by using only selective orthogonalization with a fixed number of or-
thogonalizations when we extend the (augmented) Krylov search space and solve the least squares
problem in a sketched fashion following the approach proposed in [5].

GCRODR and S-GCRODR Consider a recycle space of dimension k, defined by (range) R(U),
where U € C™* such that (for convenience) C' = AU has orthonormal columns, C*C = I. We
define the (orthogonal) projection ® = C'C*. We also define C'| such that the matrix [C C ] € C"*"
is unitary. We assume here, for simplicity, that U has been selected such that R(U) is a low accuracy
approximation (see below) to an invariant subspace with eigenvalues near the origin. As shown in
[7], using the recycle space R(U), we can update the initial solution, Z¢, and residual, 7y, as z¢ =
2o+ UC*rg, and 19 = (I — ®)7p, and subsequently solve the projected system (I —®)Az = (I —®)ry
with GMRES. For this (consistent) system, the right hand side (I — ®)7y € R(C)* = R(C.) and
(I —®)Az : R(C1) — R(CL). So, we can analyze the convergence for GMRES for the linear
operator (I — ®)A over the space R(C).

After defining a sketching matrix S € C**™, which provides an ¢ embedding of a suitable vector
space V, which contains the right hand side or residual, the R(C'), and a suitable Krylov space, we
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let SC = YRy and S*Y = QQRg be reduced QR decompositions. In S-GCRODR the orthogonal
projection I —® in GCRODR is replaced by the (oblique) projection I —®, with range R(®) = R(C)
and null space N((f)) = R(Q)* = R(QL), where [Q Q] is a unitary matrix. This implies that
(I — :IS) = Q.(CTQL)"1C%. After computing the updates to the initial guess and residual, S-

GCRODR solves the projected system (I — @)Az = - @)FO using GMRES.

Convergence We give bounds on the convergence for GCRODR while recycling an approxi-
mate invariant subspace and compare these with convergence bounds for the sketched version,
S-GCRODR, recycling the same invariant subspace. We show that the convergence bounds for
S-GCRODR can deteriorate due the oblique projection; however, the deterioration can be bounded
in terms of the embedding subspace distortion e.

We can analyze the convergence of GCRODR by considering convergence bounds for GMRES for
the linear operator (I — ®)A restricted to the space R(C ), which can derived using the field of
values (FOV) [4, 3] of C1 AC|. Now let A have the block Schur decomposition (with unitary
[V V] eCr ™)

A = [V V] [ Tél %z } vV v, (1)

where the eigenvalues of 711 are near the origin (possibly surrounding the origin) and ||7711 |2 is small,
and the eigenvalues of Thy are further away in the right half plane, and let ||(/ —®)V]|2 =d < 1. In
the derivation of FOV bounds, we use the following notation. We use calligraphic script to denote
sets: F(T11) denotes the field of values of T71, F(Ta2) denotes the field of values of The and D
denotes the unit disk. Set addition is defined in the usual way, and for a scalar 7 and set S, the
set 7S is defined as 7§ = {7z | z € S} and [r, =]S = {7z | z € S and 7 € [1, 72]}. We can then
bound the FOV of the linear operator (I — ®)A restricted to the space R(C ), F(C}.AC.) as

F(CLACL) © [1—6%1)F(Tag) + (0,62 F(T11) + 6(1 — 622|112 2 D. (2)

This equation shows that even for § not very small, say 6 = 1072 (which can be achieved with
modest effort [6]), F(C}.AC) is only slightly large than F(Th2), unless ||T122 is (relatively) large.
We can now bound the convergence of GCRODR for A with the recycle space R(U) using the FOV
convergence bounds for GMRES with the FOV bounds from (2).

We can bound the convergence of S-GCRODR in a similar fashion as for GCRODR using bounds
on the FOV of (I —®)A restricted to the space R(Q ), that is the set {z*(I—®)Az : z=Q.(,( €
C™*||¢|l2 = 1}, which is also given by F(Q%QL(CT Q1) 1CTAQ L) = F((CTQL)~1C* AQ . ).
To understand the relation between the FOV bounds for GCRODR and S-GCRODR, we consider
the singular values of C7Q . We assume k < n. Let Ay > Ay > --- > Ay be the singular
values of C*@). Then we can derive the singular values of C7 Q| from the CS-decomposition of
[CCLQ QL] o(C1Q1) € {1, A1,..., A\ }. Furthermore, we can prove, based on the e-embedding,
that A\, > /(1 —€)/(1+¢€), and therefore, for ¢ — 0, R(Q1) — R(C,). This in turn implies
that (C7Q J_)_leAQ 1 — C1AC|, and hence the FOVs that govern the convergence bounds for
GCRODR and S-GCRODR get closer and closer as ¢ becomes small.

We can describe the dependence of F( (C*Q1)"'C% AQ, ) on € in substantial detail by deriving
detailed expressions of the type (for unit vectors ()

caueieeraauc = (M) (T (). Q)
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and analyze how close bounds for (3) are to (2) as a function of e. These bounds clarify how
the convergence of S-GCRODR may deteriorate as a function of the distortion parameter € as a
consequence of how far the oblique projection I — ® deviates from the orthogonal projection I — ®.

A Numerical Experiment We present one set of numerical results to compare several sketched
variants of GMRES and GCRODR. The results are derived from solving the following nonlinear
Helmbholtz equation on the 2D domain © = (0,1) x (0,1),

Au+ k(1 + €lul*)u =0,

uz +iku = 2ik, at x =0,y € (0,1) @)
uy —iku = —ik, atxz =1,y € (0,1)

periodic boundary condition at y = 0,1,z € (0, 1),

using Anderson acceleration (AA). We take e = 0.40 and x = 12. We discretize €2 using a uniform
mesh with n + 1 equispaced nodes in the z and in the y directions, respectively. We also use the
standard 2nd order finite difference to approximate the Laplacian operator, and use ghost nodes at
the left (z = 0) and the right (x = 1) boundaries. We let n = 512 so that the number of elements in
the u vectors is n(n+1) = 262656. To set up the corresponding nonlinear system, define I, = I,,41,
I, = I, Dy, = tridiag(1,-2,1) € RMFDX(+1) " oxcept that Do, (1,1) = Dop(n+1,n+1) =
2(—1 + irh), and D9,(1,2) = Daz(n + 1,n) = 2, Dy, = tridiag(1,—2,1) € R™", except that
Dyy(1,n) = Dyy(n,1) = 1, F(u) = % (I, ® Doy + Doy @ I;) + k2diag(1l + €ul*) — fpay, where

foay =10 ® [2(2,3M; On_1; 2(7}})1'”}, so that the nonlinear system is F'(u)u = 0. To define the Picard

iteration, we let the squared term of u be the current iterate u(®) and solve for the next iterate
w1 That is, at each step we solve the linear system

1 .
<h2 (I ® Day + Dy ® L) + n*diag(1 + efu® |2>) u ) = fi, (5)
for u*+Y). The initial vector u(?) is the vectorization of u(z,y) = ¢“>™¥+%%) on the mesh. To set

up AA, we let the damping parameter be 1, the optimization involve all previous iterates u*¥), and
the iteration is terminated when [Ju(*+1) — 4®)|| < 1079,

At each step of AA, the linear system (5) is solved by the following methods, and a new ILUTP
preconditioner is constructed using approximate minimum degree ordering and drop tolerance 0.002.
We compare GMRES(120), the sketched version S-GMRES(120) as proposed in [5], (standard)
GCRODR(120,20) and the sketched version S-GCRODR(120,20) discussed above, and two versions
of the method GMRES-SDR/(120,20) proposed in the recent paper [2], where the authors combine
a sketched version of GMRES with deflated restarting. This approach differs from S-GCRODR. in
that the authors apply the deflated restarting by augmenting the search space with the deflation
vectors, using truncated/selective orthogonalization when generating new Krylov search directions,
and then using sketching to solve the least squares problem over both deflation and new Krylov
vectors. In this approach, the new Krylov space that extends the solution search space is not
generated (approximately) orthogonal to (the image under A of) the recycle space. This may lead
to less effective search spaces and hence a reduced convergence rate. On the other hand, for the
same total search space dimension in a cycle, it leads to a further reduction in complexity compared
with the method we propose.

In Table 1, for each linear solver, we give the total and average runtime and number of precondi-
tioned matrix-vector products for solving the sequence of linear systems (5) arising from Anderson
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Table 1: Total and average numbers of preconditioned matrix-vector products and runtimes for
several methods solving the sequence of linear systems (5) arising from Anderson acceleration for
a nonlinear Helmholtz equation.
GCRO- S-GCRO-  (m) GMRES- (s) GMRES-
GMRES(120) DR(120,20) S-GMRES(120) DR(120,20) SDR(120,20) SDR(120,20)
matvecs 9014 (361) 2794 (121) 10319 (382) 2819 (123) 10144 (423) 6037 (232)
time (secs) | 1374.3 (55.0) 343.8 (14.9)  691.3 (25.6) 183.2 (8.0) 6225 (25.9)  393.4 (15.1)

acceleration for the nonlinear system (4). For all linear solvers, we let the maximum dimension
of the subspace be m = 120 and let the recycle space dimension be £ = 20. Due to the irregular
convergence behavior of Anderson acceleration with the linear systems (5) solved approzimately,
it takes Anderson acceleration a slightly different number of steps to satisfy the stopping criterion
|u®+D) — 4®)| . < 1076 for each solver. AA based on GCRO-DR and S-GCRO-DR takes 23
(the fewest) steps, whereas AA based on S-GMRES takes 27 (the most) steps to converge. In the
column ‘(m) GMRES-SDR(120,20)" we report results when GMRES-SDR recycles search spaces
from one linear system to the next, whereas under the column ‘(s) GMRES-SDR(120,20)’ we re-
port results with GMRES-SDR starting each linear system without a recycle space (which seems
to work better). Finally, we note that, while for this system S-GCRODR is the clear winner, by a
large margin, in terms of the runtime, for other test problems GMRES-SDR was competitive and
sometimes faster.
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CASPR: Combining Axis Preconditioners using Kronecker Sums/Products
for Training Large Neural Networks

Inderjit S. Dhillon, Sai S. Duvvuri

Abstract

Deep Neural Networks (DNNs) have transformed fields like computer vision, natural language pro-
cessing, and scientific research by enabling systems to learn complex patterns, make high-level
predictions, and analyze large data sets. DNNs have driven advancements in material sciences,
chemistry, and physics, significantly aiding scientific discovery. However, they are difficult to op-
timize due to their large parameter spaces and can require extensive computational resources, and
thus effectively training DNNs is a contemporary challenge.

Most DNNs, including Large Language Models, are trained using adaptive regularization methods
such as Adam, which can be regarded as diagonally preconditioned stochastic gradient descent.
This diagonal preconditioner comes from a diagonal approximation of the gradient outer product
matrix. However, a recent open competition called “AlgoPerf: Training Algorithms benchmark
competition” [1] revealed an intriguing discovery: a non-diagonal preconditioning method called
Shampoo [2], which uses a Kronecker product approximation of the outer-product matrix, was
found to be the best method on a varied suite of benchmark problems.

In this talk, T will introduce adaptive methods and show how Kroencker products can be used to
get a computationally efficient preconditioner. I will then talk about a general technique called
Combining AxeS PReconditioners (CASPR) [3], which optimizes matrix-shaped DNN parameters
by finding different preconditioners for each mode/axis of the parameter and combining them
using a Kronecker-sum based approximation. The Kronecker-sum based combination allows us to
show that CASPR is ordered between the Kronecker product based combination, Shampoo, and
full-matrix “Adagrad” preconditioners in Loewner order, and as a result it is nearer to full-matrix
Adagrad than Shampoo. Experimental results demonstrate that CASPR approximates the gradient
second-moment matrix more accurately, and shows improvement in training and generalization
performance compared to the existing practical adaptive regularization methods in a variety of
tasks including graph neural network on OGBG-molpcba, Transformer on a universal dependencies
dataset and auto-regressive large language modeling on the C4 dataset.
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General Methods for Sparsity Structure Description and Cost Estimation

Grace Dinh, James Demmel, Zhiru Zhang
Abstract

Sparse tensor operations (especially matrix multiplications and tensor contractions in general)
can be used to represent many problems in diverse fields such as genomics, machine learning,
network analysis, and electronic design automation. Casting a domain-specific problem as a sparse
linear algebra operation allows domain experts to leverage existing optimized software libraries and
hardware. However the cost (in terms of flops, data movement/accesses, or memory footprint) of a
sparse operation can vary significantly depending on the sparsity structure of its input, making the
development of general high-performance tools for sparse linear algebra challenging. Estimating and
bounding these costs is important for many applications: coming up with a performance objective
for optimizing a software or hardware implementation, developing a notion of “peak performance”
to compare a benchmark against, determining how much space to allocate for scratch or for the
output of an operation, load balancing, and many more.

Cost estimation is straightforward for dense linear algebra, as the exact set of arithmetic instructions
is always the same and known ahead of time. However, in the sparse case, this is not possible
unless the ezact sparsity structure (i.e. the locations of every nonzero) of the inputs is known. As
a result, previous cost modeling approaches, e.g. [12], tend to either require that users provide a
specific input matrix (precluding their use to develop and evaluate general tools) or provide results
restricted to specific sparsity structures (e.g. uniformly distributed sparsity, block sparsity, band
matrices). For input matrices that do not neatly fit into one of these predetermined categories,
however, significant case-by-case work is required on the part of users to develop statistical models
that both describe their matrices and provide good cost estimates and bounds.

This abstract sketches out an approach to generalize and automate the construction of such sparsity
models, and to build cost estimates and bounds that take them into account, building on techniques
from database and information theory. In Section 1, we describe a way to describe sparsity structure
using matrixz statistics. We then describe how to use these statistics to bound and estimate costs
in Section 2, and to optimize storage formats for sparse matrices in Section 3.

1 Characterizing Sparsity Structure

Our goal in this section is to describe a framework for matriz statistics - quantities describing
the sparsity structure of a matrix that are (a) well-defined for any sparse matrix, regardless of
structure, and (b) can be effectively used to predict the performance of a tensor operation. The
most well known matrix statistic is the number of nonzeros (nnz) of a matrix. However, nnz alone
is clearly insufficient for the cost estimation problem. Consider, for instance, the square matrix A
whose first column is nonzero and whose other columns are all zero. Despite having the same input
nnzs, AT A and AAT differ drastically in output memory footprint (and therefore data movement).
As a result, accurate performance modeling requires additional statistics to describing a matrix’s
sparsity structure in more detail.

One way to do so is to count the number of nonzeros in each row and column, which we refer to as
the row and column counts, as in [6]. These statistics require significantly more space to store than
the nnzs (as they are vectors with length equal to the number of columns and rows, respectively, of
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a matrix), but provide significantly more information: taking the dot product the column count of
A and row count of B gives the exact number of flops required to compute A x B . Furthermore,
row and column counts can be summarized using by taking LP norms for a few small p. These
norms provide a compact, easily generalizable way to represent how “skewed” the sparsity structure
of a matrix is (e.g. how heavy-tailed the distribution of connections is in a social network graph)
which can also be used to derive bounds on the cost of a matrix multiplication, as we will briefly
discuss in Section 2 (see [1] for a discussion of these bounds from a database point of view).

However, row and column counts alone are insufficient to describe many forms of commonly seen
sparsity patterns, e.g. band and block-sparse matrices. To represent these patterns, we will extend
the notion of indices to functions of the rows and column index. For a concrete example, consider
a tridiagonal matrix A indexed by (7,7). All of the locations of its nonzeros take on only three
distinct values of ¢ — j; as a result, “number of distinct values of 7 — j” is a useful statistic that
allows us to encapsulate tridiagonal matrices (and band matrices in general).

To formalize and generalize, let us view a sparse matrix A indexed by (i,7) as a set consisting of
the location of its nonzeros: {(i,7) : A;; # 0}. Let ey, : Z? — Z be some functions (such as i — j
in the above example), which we will refer to as index maps. Define the following two operations:

Definition 1. The projection operation m,, projects its input onto dimension ey, - that is, 7, (A) has
a nonzero at location [ if there exists some nonzero value in A at location i, j such that eg(i,7) = L.

Definition 2. The selection operation o, —, returns the subset of nonzero locations (i,j) in A
such that ey (,7) = 7. When no value for 7 is given, the selection operator o, will be used to
represent the list (o¢,—y, : 7 € Im(ey)).

Let o represent function composition. If the output of g is a vector, let fSg denote the vector
obtained by applying f to every element of the output of g. Then many natural matrix statistics
can be represented by choosing appropriate index maps ey:

o Row counts: first select each row (), then count the number of nonzeros in each (|-|): || o;.
Column counts are identical, with j replacing i.

« Band width of a band matrix: first project onto i — j, then count: |-| o m;_;

e Number of nonzero blocks in a block-sparse matrix with block size b: project onto blocks
(Li/b], 7/b]), then count: |-| o7 ;) /8]

o Fine-grained structured sparsity (maximum number of nonzeros in each block): for each block
(i.e. selection operator on |i/b],|j/b]), count the number of nonzeros, then take the max:

mMax o - 5G| g, /p), s /b]

Furthermore, appropriately chosen index maps can be used to characterize matrices with sparsity
structures that do not align with “standard” patterns. For example, the Tumal' matrix could be
decomposed into several components, each of which would have a very small value for |-| o mq;—;
(for some constant «v). Preliminary experiments show that computer vision methods such as Hough
transforms [7] as well as modern machine learning methods such as symbolic regression [9] can be
used to extract descriptive index maps from many real-world matrices that can be used to derive
useful bounds; we leave further experimentation to future work.

"https://sparse.tamu.edu/GHS_indef/tumal
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2 Bounds from Matrix Statistics

This section describes approaches to deriving cost bounds from matrix statistics derived in Section
1. While we focus on matrix multiplication here, our approach can generalize to most “nested
loop” style programs acting on sparse data; we leave such generalization to future work. As in the
previous section, we will view a sparse matrix as a set whose elements are its nonzero indices. Then
a sparse matrix multiplication A x B, where A is indexed by (i, j) and B by (j, k), can be viewed as
the set of nontrivial arithmetic instructions - that is, {(4,7,k) : Ai; # 0, Bji, # 0}, which we denote
T. Note that this matrix multiplication tensor can be viewed as the database join A(i,j) A B(j, k).
Several cost functions immediately fall from this representation:

e The number of flops required to compute A x B is simply the cardinality of the matrix
multiplication tensor |A(7, j) A B(j, k).

o The size of the output is the size of the projection of the matrix multiply tensor onto the 7, k
face | (A4, ) A B4, k))|-

o The arithmetic intensity of A x B on a system with fast memory M can upper bounded by
computing the maximum number of elements for any subset of of T" subject to the constraint
that the projections of that subset onto the (7,j) and (j, k) dimensions are bounded by M.
In previous work focusing on dense linear algebra [8, 5], this immediately provides a data
movement lower bound of (M x #total flops) / (max T-subset size); however, the number of
flops may not be exactly known in the sparse setting, so we will focus on upper bounding the
arithmetic intensity instead.

One approach we can take to bounding these quantities is to transform the indices of the nested
loops in such a way that the resulting loop nest, when treated as a dense operation, produces useful
bounds. For instance, suppose we wish to multiply two band matrices A and B, which have band
width w; and wy respectively:

for i,5,k € [0,N)?
C(i, k)+ = A(i,j) x B(j, k)

As the two matrices are banded, we know that |-| o m;_; = wy and |-| o mp—; = wa. As a result, if
we let e =i — j and es = k — j, we can rewrite this nested of loops as:

for e; € [0,w1),e2 € [0,w3),5 € [0,N)
Cler+j,ea +j)+ = Aler +j,j) x B(j,e2 + j)

which provides an upper bound for flops of wiweN. Furthermore, using Brascamp-Lieb inequalities
[5, 10, 4] provides an arithmetic intensity upper bound (on a system with cache size M) of v/ M /2.

Unfortunately, this method is not easily generalized: we were able to transform indices i and k
into new indices that could easily be bounded using the given matrix statistics because A and B
shared band structure; this would not be possible if they were not. To address this problem, we
adapt information-theoretic techniques previously used for database cardinality estimation [3, 2].
Specifically, given any probability distribution over set of arithmetic instructions 7" in the sparse
matrix multiplication, let h denote the Shannon entropies of its marginal distributions A (e.g.
use h(ij) to denote the entropy of the marginal distribution over 4,j). Clearly, h(ijk) is upper
bounded by lg|7T’|, the number of flops of the matrix multiplication. Furthermore, notice that for
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an instruction (i,7,k) to be in T', A;; and Bj; must both be nonzero; as a result, the entropies
h(ij) and h(jk) are upper bounded by lgnnz(A) and lg nnz(B) respectively. These inequalities can
be combined with those inherent to entropy (nonnegativity, submodularity, and subadditivity) to
produce bounds on cost.

For example, it can be shown that for any distribution on i, j, k:
3h(ijk) < h(i,j) + h(j, k) + h(i, k) + h(jli) + h(k[j) + h(i[k)

Letting the distribution be the uniform distribution over 7" sets the left side of the above inequality
tolg (#ﬂopsg), while (7, j), h(j,4), and h(i, k) are upper bounded by lgnnzA, lgnnzB, and lg nnzC
respectively. Furthermore, h(j|7) is upper bounded by the log of the maximum number of nonzero
elements in any row of A (similarly for the remaining terms), giving an inequality that ties together
computation cost, output size, and memory footprint. In this framework, all of the cost functions
above can be described: number of flops and output size are immediately derivable from entropic
inequalities, and arithmetic intensity can be found by adding constraints the entropies h(ij) and
h(jk) are upper bounded by lg M. In order to adapt matrix statistics using arbitrary index maps
(e.g. e1 = i—j), we can add additional constraints: specifically that h(e1|ij) = h(i|je1) = h(jlie1) =
0. This allows for the automated construction of new lower bounds for, say, the cost of multiplying
of a band matrix by a block-sparse one, based on statistics such as the number of dense blocks
sharing an index with a given band.

3 Matrix Format Optimizations

We also wish to find efficient ways to store sparse matrices. Consider, for example, a band matrix
with a small band width. Standard sparse matrix formats, such as CSR, would require significantly
more storage for metadata (row pointers and column indices) than a similar format indexed by i — j
and j [11]. Furthermore, the order in which the indices are stored can significantly affect size and
performance too - just as (4,7) (CSR) and (j,7) (CSC) are significantly different formats, so would
(i —J,j) and (5,4 — j).

The choice of data structures and layouts directly impacts computing performance. For instance, to
efficiently use the Gustavson algorithm, the operand tensors should ideally be stored in row-major
formats. We will describe how entropic bounds (specifically, the chain bound) can suggest optimal
orderings and data structures for sparse matrix storage formats.

However, performance is often heavily affected by the underlying hardware architecture. For parallel
processing systems like GPUs, maintaining workload balance often outweighs achieving a high
compression ratio in terms of format selection. As a result, formats with zero padding, such as
ELLPACK, are commonly preferred over those that store only non-zero elements. Blocking formats,
while introducing additional memory access and metadata overhead on architectures with a unified
memory model, are well-suited for many-core architectures with banked memory. Work is ongoing
to extend our cost models to account for hardware-specific performance factors.
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Toward Fast and Provable Data Selection under Low Intrinsic Dimension

Yijun Dong, Per-Gunnar Martinsson, Qi Lei, Hoang Phan, Xiang Pan, Chao Chen, Katherine
Pearce

Abstract

As the data volume and model size explode with the unprecedented successes of modern machine
learning algorithms, high dimensionality is turning to the major computational bottleneck that
impedes the development and democratization of large models. Since redundancies in high dimen-
sions are ubiquitous in most real-world learning problems, the notion of low intrinsic dimension
is introduced to characterize the minimal size of any low-dimensional manifolds that can encapsu-
late the essential information in the learning problem. Leveraging such low intrinsic dimensions is
crucial for designing fast and sample-efficient learning algorithms for large-scale problems.

Fine-tuning that adapts powerful pre-trained models to specific downstream tasks is arguably one
of the most common examples of efficient learning through low intrinsic dimensions. Intuitively,
with the general knowledge encoded in the pre-trained model with high-dimensional parameters,
fine-tuning within a low-dimensional parameter subspace is usually sufficient for adapting the model
to new tasks. Leveraging such low intrinsic dimensions allows learning with much fewer samples
(than the high parameter dimension, i.e., in the overparametrized setting) and computational
resources.

In practice, natural data generally come with heterogeneous qualities and considerable redundan-
cies, which brings about a critical question:

How to select the most informative data for sample-efficient learning under low intrinsic
dimension?

Answers to this question are highly objective-dependent. This talk aims to provide an overview of
some recent progress in two common objectives for data selection:

(i) row (or column) subset selection for low-rank interpolative decomposition, and
(ii) data selection for statistical learning models in kernel regime (e.g., fine-tuning).

By diving into a few randomized algorithms for interpolative (or CUR) decompositions and data
selection based on random pivoting and sketching, we will unveil the power of randomization in
fast and robust data selection, from both the empirical and theoretical perspectives.

Data Selection for Low-rank Interpolative Decompositions

The interpolative decomposition (ID) aims to construct a low-rank approximation formed by a basis
consisting of row (or column) skeletons in the original matrix and a corresponding interpolation
matrix. We explore fast and accurate ID algorithms from five essential perspectives for empirical
performance:

(i) skeleton complexity that measures the minimum possible ID rank for a given low-rank ap-
proximation error,

(ii) asymptotic complezity in floating point operations (FLOPs),

(iii) parallelizability of the computational bottleneck, i.e., whether the steps with dominant cost
can be cast into matrix-matrix, instead of matrix-vector, multiplications,

(iv) error-revealing property that enables automatic rank detection for given error tolerances with-
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out prior knowledge of target ranks,

(v) ID-revealing property that ensures efficient construction of the optimal interpolation matrix
after selecting the skeletons.

While many algorithms have been developed to optimize parts of the aforementioned perspectives,
practical ID algorithms proficient in all perspectives remain absent. To fill in the gap, we introduce
robust blockwise random pivoting (RBRP) that is parallelizable, error-revealing, and exactly ID-
revealing, with comparable skeleton and asymptotic complexities to the best existing ID algorithms
in practice. Through extensive numerical experiments on various synthetic and natural datasets,
we demonstrate the appealing empirical performance of RBRP from the five perspectives above, as
well as its robustness to adversarial inputs.

In a nutshell, random pivoting for interpolative decomposition involves adaptively sampling rows
(or columns) according to their squared fo-norm and updating the data matrix by projecting
the remaining rows (or columns) onto the orthogonal complement of the current basis. Such an
adaptive sampling scheme ensures that the selected rows (or columns) are informative and diverse,
leading to a small skeleton complexity for given low-rank approximation errors. However, the
sequential nature of random pivoting compromises its parallelizability and empirical efficiency.
Alternatively, the sequential random pivoting can be naively extended to a faster blockwise version
that samples a block of b > 1 points according to the current squared f2-norm in each step and
updates the data matrix blockwisely. However, such plain blockwise random pivoting tends to
suffer from unnecessarily large skeleton complexity under adversarial inputs due to the lack of local
adaptiveness within each block. As a remedy, RBRP leverages robust blockwise filtering—applying
CPQR to every small sampled block locally and discarding the potentially redundant points through
a truncation on the relative residual of the CPQR. By choosing a reasonable block size, such robust
blockwise filtering effectively resolves the inefficiency in skeleton complexity encountered by the
plain blockwise random pivoting, with negligible additional cost.

Data Selection for Statistical Learning Models in Kernel Regime

Fine-tuning can be viewed as learning with a good pre-trained initialization that lies in some
neighborhood of an optimal solution, whose dynamics fall into the kernel regime. Therefore, fine-
tuning a regression task (under Tikhonov regularization with a suitable hyperparameter) can be
well approximated by

(i) a linear regression problem in the low-dimensional (overdetermined) setting, or
(ii) a ridge regression problem in the high-dimensional (overparametrized) settingﬂ.

For overdetermined linear regression in low dimension, data selection falls in the classical frames
of coreset selection for linear regression and optimal experimental design where the generaliza-
tion gap can be reduced by selecting data that minimize the associated variance. However, for
overparametrized problems, variance minimization alone is insufficient to characterize the gener-
alization. In particular, when the parameter dimension r is higher than the coreset size n, the
selected data necessarily miss a parameter subspace of dimension at least r — n, leading to errors
in addition to variance.

Nevertheless, the prevailing empirical and theoretical evidence on the ubiquitous intrinsic low-
dimensional structures in high-dimensional problems motivates a natural question:

"We refer to “low-dimension” as the setting where the number of parameters r is smaller than the selected
downstream sample size n, while “high-dimension” refers to the opposite, r > n.
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Can the low intrinsic dimension be leveraged in data selection for high-dimensional fine-tuning?

We provide a positive answer to this question through a variance-bias tradeoff perspective. Intu-
itively, we consider a low-dimensional subspace & in the fine-tuning parameter space where the
model learns the necessary knowledge for the downstream task. The generalization gap can be con-
trolled by simultaneously reducing the bias (redundant information) by “exploring” the parameter
space to find a suitable S and the variance by “exploiting” the useful knowledge in S.

Given the high-dimensional nature of the parameter space, a direct search for such suitable subspace
S is computationally infeasible in general. This leads to a follow-up question:

How to explore the intrinsic low-dimensional structure efficiently for data selection?
We propose Sketchy Moment Matching (SkMM), a two-stage solution for this question:

(i) Gradient sketching for bias reduction: First, we construct a low-dimensional parameter
subspace S by sketching the model gradients. Sketching is a well-established dimensionality
reduction tool known for affordable and accurate low-rank approximations. In deep learning,
sketching recently extends its empirical applications to scalable estimations of influence func-
tions for data selection. We make a first step toward the theoretical guarantee of gradient
sketching for data selection: gradient sketching efficiently finds a low-dimensional subspace
S with small bias such that selecting n samples by reducing variance over S is sufficient
to preserve the fast-rate generalization O(dim(S)/n), linear in the low intrinsic dimension
dim(S) while independent of the high parameter dimension r.

(i) Moment matching for variance reduction: Second, we select data that reduce variance
in the low-dimensional subspace & via moment matching. The variance of data selection is
characterized by matching between the sketched gradient moments of the original and se-
lected datasets, 3, 3ig, respectively. The objective tr(ZET) takes the form of V-optimality
in optimal experimental design, whose exact minimization is computationally intractable.
Existing polynomial-time heuristics for V-optimality are generally based on the continuous
relaxation of the V-optimality objective followed by a fast rounding process. However, solving
such a continuous relaxation can be challenging in practice, as it involves inverting a poten-
tially ill-conditioned matrix g in each iteration. Under a common heuristic assumption that
3, 3¢ commute, we introduce a continuous relaxation with a quadratic objective and linear
constraints that is numerically stable (free of inversions) and can be efficiently optimized via
projected gradient descent.

With synthetic mixtures of Gaussian data, we first demonstrate how SkKMM balances variance and
bias in data selection for overparametrized ridge regression and leads to sample-efficient learning.
Then, with extensive experiments on fine-tuning CLIP or ImageNet pre-trained vision models for
both regression and classification tasks, we show the appealing sample and computational efficiency
of SkMM, along with its surprising robustness to data heterogeneity.
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Structured rational matrices: properties and strongly minimal linearizations

Froilan Dopico, Vanni Noferini, Maria C. Quintana and Paul Van Dooren
Abstract

Rational matrices, that is, matrices whose entries are univariate rational functions appear in control
problems and also in the numerical solution of non-linear eigenvalue problems as approximations of
other matrices whose entries are more general univariate functions. Very often the rational matrices
arising in applications have particular structures that should be preserved/used in the numerical
computation of the their poles, zeros and minimal indices.

In this talk, we consider three classes of rational matrices R(z) that are Hermitian upon evaluation
on (a) the real axis, (b) the imaginary axis, or (c) the unit circle. Our goal is to show how
to construct linear polynomial system matrices, i.e., pencils, for those R(z) that preserve the
corresponding structures and are strongly minimal, a property that guarantee that such polynomial
system matrices allow for a complete recovery of the poles, zeros, and minimal indices of R(z). Thus,
structured generalized eigenvalue algorithms applied to these pencils will allow us to compute all
these quantities in a structure preserving manner.

Our goal is fully achieved for the Hermitian structures on the real and on the imaginary axes, but
for the Hermitian structure on the unit circle some obstacles arise, which require to modify the
original problem at some extent and to construct a structured linear polynomial system matrix for
the rational function (1+z)R(z) instead of for R(z). In order to do this, we need to prove a number
of previously unknown properties of rational matrices which are Hermitian on the unit circle.

The results presented in this talk are based on the references [1] and [2].

References

[1] F. Dopico, M.C. Quintana, P. Van Dooren, Strongly minimal self-conjugate linearizations for
polynomial and rational matrices, SIAM J. Matriz Anal. Appl. 43, (2022), 1354—1381.

[2] F. Dopico, V. Noferini, M.C. Quintana, P. Van Dooren, Para-Hermitian rational matrices,
to appear in SIAM J. Matriz Anal. Appl. (arXiv:2407.13563).

This work has been partially supported by the Agencia Estatal de Investigacion of Spain
MCIN/AEI/10.13039/501100011033/ through grant PID2023-147366NB-100.

99



Numerical linear algebra for data driven analysis of nonlinear dynamics:
Koopman-Schur Decomposition

Zlatko Drmac, Igor Mezié
Abstract

The Extended Dynamic Mode Decomposition (DMD/EDMD) has become a tool of trade in com-
putational data driven analysis of complex nonlinear dynamical systems, e.g. fluid flows, where
it can be used to reveal coherent structures by decomposing the flow field into component fluid
structures, called DMD modes, that describe the evolution of the flow. The theoretical underpin-
ning of the EDMD is the Koopman composition operator that can be used for spectral analysis
of nonlinear dynamical system [6]. The numerical realization and software implementation pose
several challenges to numerical linear algebra, and this contribution discusses few selected ones.

To set the stage, consider the initial value problem

Py (x(1))
x(t) = F(x(t) = ( : ) x(to) = Xo, (1)

Fn(x(t))

with state space X C RV and vector-valued nonlinear function F : X — RY. The corresponding

flow map ¢! is defined as ¢'(x(tg)) = x(to + t) = x(to) + f;o—i_t F(x(1))dr.

Instead of the states, consider observables (functions of the states) f: X — C, f € F; e.g. F =
LP(X,p) (1 < p < o0). Koopman operator semigroup (Ut )s>o is defined by Uy f = fo ¢!, fe F.
The Koopman (composition) operator Uy is linear operator that can be considered an infinite
dimensional linearization of (1) that takes the action into the space F of observables.

In the case of discrete dynamical system x;,1 = T'(x;), the Koopman operator U = Uy is defined
on a space of observables F by Uf = foT, f € F. In practical computation, one always
works with discrete systems. If we run a numerical simulation of the ODE’s (1) in a time interval
[to, t+], the numerical solution is obtained on a discrete equidistant grid with fixed time lag At:
to, t1 =to+ AL, ..., t;_1 =ti_o+ AL, t; =t,_1+At, ... In this case, a black-box software toolbox
acts as a discrete dynamical system z; = T'(z;,—1) that produces the discrete sequence of z; ~ x(t;).
For t; = to + iAt we have f(x(fo +iAt)) = (f 0 ¢"*)(x(to)) = Ugiae f)(x(t0)) = Uja.f)(x(t0)),

where L[é}m =Ugar o ... 0Ugat.

On the other hand, usingUf = foT, z; = x(t;), T> =T o T, T' =T oT" L, f(z;) = f(T(2zi_1)) =
.. = f(TYz0)) = U f)(z0). Hence, in a software simulation of (1) with the initial condition
zo = x(to), we have an approximation (U"f)(zg) ~ (Z/l;mf)(zo), feF, zpeX, i=0,1,2,...,m.
Such a sequence of values from the trajectory of the system may be also obtained by experimen-
tal measurements (e.g. high speed camera recording, wind tunnel measurements, particle image
velocimetry/thermometry), without using/knowing the governing equations. In general, the ob-
servables are vector valued, f = (f1,..., fu)?, andUf = (Uf1,...,Uf,)7 is defined component-wise.
Often n > m. The acquired numerical values of the observables (data snapshots) are assembled
column-wise into the matrix (column index corresponds to discrete time step)

)
F=(£6x0) - f0em-1) o)) =[ T B (i) =E(T(xi)) = (UE) (x:) = £(T(T(x;-1))).

Fn(%0) o frn(Xm—1) fn(%m)
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The columns of the data snapshot matrix F' can be interpreted as the Krylov sequence f,Uf, ... . U™f,
evaluated at xg, which motivates looking for approximate eigenvalues and eigenvectors of .

Why is spectral data of U interesting? If (U¢;)(s) = Nipi(s), ¢ = 1,...,m, and if for some carefully

and judiciously selected A;, ..., A;, and vector coefficients z;; (that must be computed)
¢ U 1) (s) ¢
f(s) ~ ) zi;¢i,(s), then (U F)(s) = : ~ >z (A, k=0,1,... (2)
=t Ut fa)(s)) =t

This decomposition (called the Kopman Mode Decomposition, KMD) reveals the latent structure
of the dynamics (in particular when ¢ is relatively small) and allows for forecasting future values,
because applying the powers of ¢/ in (2) means pushing the dynamics forward in time.

In this decomposition, the vector coefficients z;’s are approximate eigenvectors of a matrix A such
that Af(x;) = f(7(x;)) for all i. The matrix A is the DMD matrix — it may not be uniquely
determined by the data and only certain Ritz pairs can be computed by a data driven version of
the classical Rayleigh-Ritz extraction procedure, as in the DMD algorithm [8] and its enhancement
[5] that provides computable residuals and uses them to select physically meaningful eigenvalues
and modes, and to guide sparse representation of the snapshot in the KMD.

But, there is a problem. One of the computational /numerical challenges in the Koopman/DMD
framework is the case of non-normal operators, when the computed (Ritz) eigenvectors of the
DMD matrix become severely ill-conditioned. High non-normality of the eigenmodes is not just
a mathematically manufactured and for the sake of academic exercise contrived misfortune. It
does occur in important applications. For instance, Schmid [7] discusses examples of non-normal
operators in fluid flows, and the impact of non-normality on treatment of stability of such flows.
A well-known and intensively studied example is the formulation of the viscous stability problem
for parallel shear flows, in which linearization of the Navier-Stokes equation leads to the Orr-
Sommerfeld linear partial differential equation whose solutions exhibit highly non-normal behavior.

The severity of the problem can be easily demonstrated by running a numerical simulation and
visualizing the pseudospectrum and computing the angles between the eigenvectors. This issue
is mostly ignored in the DMD literature, but the practitioners have experienced the problem in
applications, and it is listed in [10] as one of the challenges in applications of the DMD.

To alleviate the problem of ill-conditioned eigenvectors in the existing implementations of the
Dynamic Mode Decomposition (DMD) and the Extended Dynamic Mode Decomposition (EDMD,
[9]), in [4] we introduce a Koopman-Schur decomposition — Schur decomposition of a data driven
compression of the Koopman operator onto a subspace Fy defined by a given dictionary 11, ..., ¥ nN.

The first step in this approach is as follows. As in the EDMD, compute the data driven compression

f1 fl
PryUp((¥i(@) ... on(@))| @ )=(12) ... ¥n(2) (O8] ¢ )

fN 1:N

where Pr, stands for the algebraic least squares projection using the available data, and Uy is the
matrix of the compression. With the notation ¥(x) = (¢1(x),...,¥n(x))T € CV, the action of U
on Fy can be compactly written as U(¥(x)7z) = ¥(x)TUnz + R(x)Tz, x € C", z € CV, where
R(z) = (p1(z),...,pn(x))T € CV is the residual that has been minimized over the available data.
In this setting, a well defined object is, instead of Uy, another compression — Uy is compressed
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onto a N x r POD basis V' (computed using the SVD of a data snapshot matrix, with r <N ) and
replaced with the r x r Rayleigh quotient U. In the proposed approach [4], we compute a Schur
decomposition of U U= QTQ*, and Uy Z = ZT becomes a partial Schur form with Z = V Q. On
the operator level, this becomes

U((r(z) ... vn(2)) Z) = (w1<x> ¢N< ))UNZ+R< ) Z
= (V@) ... ¥n(2) ZT + R@)"Z = ($a(x) ... ¢n(2)) ZT. (3)

If we define a new sequence (¢i(z) ... ¢ ( )) ( 1(z) ... ¥n(z)) Z, then (3) reads

U (Ql(a;) Cr(:z:)) = (Cl(m) Cr(a:)) T+R(a:)TZ ) (Cl(a:) Q(:c)) T. (4)

Since T is upper triangular, (4) contains a nested sequence of partial triangulations
UG G o G)=2(G & oo G)Ti i), i=1,...,m (5)

This Schur form can be reordered — with a suitable unitary matrix ©, T = ©*TO is again upper
triangular with diagonal entries corresponding to the eigenvalues in any given order. The new
partial Schur form of Uy becomes Uy (VQO) = (VQO)T, T = ©*TO, and we replace (4) with

U(C(z) Glz) ... ¢@)0 = (Gl@) Gz) ... ¢(x) (0 TO), (6)

i.e. the new functions are generated using Z = Z0 = VQO (2*2 =1,
(@ . G@) =@ - G@)O=(hE) ... Yy@)Z (7)

In this framework, the spectral analysis of the snapshots, including the KMD (2), is entirely based on
unitary transformations. The analysis in terms of the eigenvectors as modes of a Koopman operator
compression is replaced with a modal decomposition in terms of a flag of invariant subspaces that
correspond to selected eigenvalues — the partial ordered Schur decomposition provides convenient
orthonormal bases for subspaces determined by any given selection A;,...,\;, of the eigenvalues.

From this point, we proceed in two direction. First, we analyze the convergence (as the size of
the dictionary and the number of data snapshots become infinite) to obtain results analogous to
the EDMD. Then, to have the same functionality as the existing EDMD (snapshot reconstruction
using selected eigenvalues, dynamically changed data window in online applications, forecasting,
formulation with the kernel trick etc.), many technical (algorithms and software related) details
have to be worked out. For instance, in the case of real data, a real ordered partial Schur form is
used and the computation is based on real orthogonal transformations, even when the spectrum
is complex. Other details include e.g. streaming data with dynamically changing data windows.
Numerical experiments show superior performances in the numerically difficult non-normal cases.

The second topic that will be discussed is numerical implementation of the Hermitian case of the
physic informed DMD [1], [3] — if it is a priori known that the underlying operator is Hermitian, how
to ensure that the numerical implementation of the DMD guarantees real spectrum and orthonormal
eigenvectors? What are the other issues when it comes to software implementation [2] e.g. in the
framework of the LAPACK library?

These themes are excellent case study examples that demonstrate the importance of numerical
linear algebra and of the power of numerical analysis of an algorithm — it precisely predicts in what
way it may fail and indicates what has to be done to provably fix the problem.
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Nonlinear inverse scattering data transforms via casual transmutation
matrices

Viadimir Druskin, Shari Moskow, Mikhail Zaslavskiy

Abstract

Many important problems in remote sensing, where measurements are not available in the domain
of interest (radar imaging, seismic exploration, medical array ultrasound, etc.) lead to inverse
scattering problems which can be strongly nonlinear in case of large perturbations of the unknown
PDE coefficients. The model based nonlinear optimization which is the method of choice for the
solution of such problems can be unreliable and prohibitively expensive. Data driven nonlinear
transforms emerged as an attractive alternative, however it was recently shown that the most com-
mon ReLU neural networks are intractable for reliable solution of non-parametric inverse problems.
Data driven ROMs recently emerged as a feasible option for such problems.

The key of this approach is data-driven computation of the state solution in the domain of interest
not available for direct measurements for a black-box model via a nonlinear transform. It implicitly
was used for different imaging applications with data-driven ROMs, e.g., see, [2, 3, 1]. Here we give
its new explicit formulation allowing simple analysis and clear connection with preceding work.

We assume the following wave model problem for a domain Q ¢ R?

up — Au+ g(z)u =0 in 2 x [0, 00) (1)

with initial conditions
u(t=0) = ginQ (2)
uw(t=0) = 0inQ (3)

where g(x) is an initial condition representing a localized source near the boundary, and we assume
homogeneous Neumann boundary conditions on the spatial boundary 0. We assume ¢(z) > 0
is our unknown potential, not necessarily small, but with compact support. The exact forward
solution to (1-3) is

u(x,t) = cos (\/Zt)g(:v), (4)

where

with the square root and cosine are defined via the spectral theorem. This solution is assumed to
be unknown, except near the receivers.

Assume we measure the SISO transfer function at the receiver collocated with the at the 2n — 1
evenly spaced time steps ¢t = k7 for £k =0,...,2n — 2, modeled by

F(kr) = / g(x)u(z, kT)dx
0
= / g(z) cos (VAkT)g(x)dz. (5)
Q
The inverse problem we consider is as follows: Given

{F(kr)} for k=0,...,2n—2,
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reconstruct ¢g. This generally nonlinear problem becomes a simple linear problem if uy = u(x, k7)
is known in the entire domain, that may not be accessible to the direct measurement.

So our objective here is to compute, from the measured data F(kT) only, approxzimations of the
internal snapshots up, = u(x, k) for k=0,...n — 1 assuming that q(x) is unknown.

We introduce Gramian matrix M with with elements
My = /Qukuldx (6)
for k,1 =0,...,n— 1, can be written as
My, = /Qg(az) cos (VAkt) cos (VAlT)g(x)dz. (7)

thanks to the formula (4). Then, from (5), (7), and the cosine angle sum formula, one has

My = 5 (F((k = )r) + F((k -+ 7)), )

so Gramian M can obtained directly from the data [2] . Formula (7) is the Chebyshev moment
problem yielding M given by 8 as the sum of Toeplitz and Hankel matrices.

Now, let
U =[ui(z),...,un(z)]

be a row vector of the true snapshots, so that we can write
M = / U'U e R, (9)
Q

Consider also the background field u"(z,t), the solution to (1-3) with g(x) = 0, which we assume
that we know. Let
Uo = [u}(2), ..., up ()]

P 12

be a row vector of the background snapshots u) = u%(z, k7), and let
My — / Ul Uy € R
Q
be the background mass matrix. We want to obtain approximation
U~TU= UoT

satisfying (9) via projection, i.,e., condition
/ Uu'u=M (10)
Q

that yields
M =T"MyT. (11)

Equation (11) was inspired by the celebrated Marchenko-Gelfand-Levitan-Krein (MGLK) Volterra
equation, e.g.,;see [5] and references wherein, with 7' being so-called transmutation matrix. Its
discrete analogy first appeared in study of connection between the discrete MGLK and Lanczos
algorithms [6]. A critical observation is that the waves in background (¢ = 0) and true (unknown
q ) media travel with the same speed, so thanks to the causality principle, T is upper triangular
matrix. This restriction leads to its uniqueness, that can be shown by direct calculations.

105



Proposition 1 The row vector of data generated internal fields U = UygT' satisfying (10) with
upper triangular transmutation matriz T is unique and can be computed as

T= (L) *L". (12)
where upper triangular matrices L and Lg are defined via Cholesky factorizations

M=LL" My = LoL{

The Cholesky factorization of M constitutes the nonlinear part of the data transform. The internal
solution generated via SISO data was successfully used for radar imaging applications, however it
had significant artifacts due to luck of aperture [4].

For seismic exploration and medical array ultrasound the SISO data (5) can be replaced by the
square MIMO transfer function

F(kr) = /QG(x)u(:c,kT)dx
_ /Qg(a:)cos(\/ZkT)G(x)dxERmxm, (13)

where G(z) = [g1(x), ..., gm(x)] is the row vector of m transmitters collocated with receivers. The
Proposition 1 can be replaced by its block analogy for the data given by (13), which was implicitly
used in e.g., [3].

Another important application, the synthetic aperture radars (SAR) used for imaging from airborne
platforms can only access diag F', and for computing block-transmutation matrix they require data-
completion.

Finally we outline the list of computational linear algebra bottlenecks in the proposal framework:

e Fast Cholesky factorization and spectral decomposition of sum of block Hankel and Toeplitz
matrices

o Lifting partial data matrices to full square MIMO data, e.g., from diagonal as in the SAR
framework

o Efficient truncation or correction of spurious non-Hamiltonian modes (with negative eigen-
values, appeared due to measurement errors or inaccuracies of the above mentioned data-
completion or lifting) of data-driven Gramians

o Estimation of non-strictly triangular data-driven transmutation matrices

e Extension to problems with dissipation
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Julia, Portable Numerical Linear Algebra, and Beyond

Alan Edelman
Abstract

Nearly 20 years ago, Demmel, Dongarra et. al. wrote in the Linear Algebra Working Notes (LAWN)
181 what appears to be a nearly impossible combinatorial explosion of challenges:

(1) for all linear algebra problems

(linear systems, eigenproblems, ...)

(2)  for all matrix types
(general, symmetric, banded, ...)
(3 for all data types
(real, complex, single, double, higher precision)
€] for all machine architectures
and communication topologies

(5 for all programming interfaces
(6) provide the best algorithm(s) available in terms of

performance and accuracy ("algorithms" is plural because sometimes
no single one is always best)

Twenty years later the concept of data types has extended to many more important possibilities
(e.g., quaternion, mixed precision), GPUs have grown in importance and in number, and how
linear algebra is integrated into larger applications has grown to become more complex than the
traditional library model. Nonetheless, the dream of solving this problem remains, and we believe
that the abstractions provided by Julia may be key. In this talk we will report some of the solutions
provided by the Julia Lab at MIT and beyond.
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Matrix-less spectral approximation for large structured matrices

Giovanni Barbarino, Melker Claesson, Sven-Erik Ekstrém,
Carlo Garoni, David Meadon, and Hendrik Speleers

Abstract

Sequences of structured matrices of increasing size arise in many scientific applications and espe-
cially in the numerical discretization of linear differential problems; for example by using Finite
Differences (FD), Finite Elements (FE), Finite Volumes (FV), Discontinuous Galerkin (DG), Iso-
greometric Analysis (IgA). The eigenvalues A;(A,) of matrices A, belonging to such a sequence
{A, }n, can often be approximated by a regular expansion:

(0% .
k 4 g
)\j(An) B kZ—OCk(ejvn)h +Ej:”70‘7 J= 1?"'777' 0j7n - n—i—l, (1)
where ¢ : [—m, 7] — C (c¢o is called the spectral symbol and ¢,k > 0 are called higher order

symbols) and the errors Ej, o = O(h*T1).

Hence, if we know these functions cx(f), or approximate them since they are often not known
analytically, we can accurately (and very fast) approximate some (or all) of the eigenvalues of any
matrix A, simply by evaluating (1).

It was previously shown (under appropriate assumptions, [4, 5]) [1, 7, 8, 9, 10] that for Hermitian
sequences {Ay},, where ¢y is known, that we can approximate cx(6;n,),k = 1,..., « at specified
grid points 0, using so-called matriz-less methods. The name is derived from the fact that
the spectrum for any matrix A4, in the sequence {A,}, can be approximated by (1) without ever
constructing the matriz; only the spectrum of a few small matrices have to be computed. That is, we
have equality in (1), up to machine precision, for some chosen n = ny and «. These approximations
¢k (0j.ny) can then be used for interpolation-extrapolation to any grid §; ,, (for any n) to approximate

Aj(Ap).

In the current presentation, mainly inspired by [3], but also [6, 11], we extend the previous algo-
rithms with two important features:

1. The function cg is not needed as an input and is approximated; this is necessary for most non-
Hermitian matrix sequences, but also for discretizations of problems with variable coefficients.

2. The algorithm can handle discretizations of variable coefficient problems, e.g., (a(z)u'(x))’.

We here briefly present these two new features.

1. No knowledge of ¢y, necessary.

We begin by presenting two simple but representative pure Toeplitz matrix sequences; one Hermi-
tian {7},(f1)}» and one non-Hermitian {T},( f2)}n.

f1(0)=6—8 cos(0)+2 cos(20) f2(0)=—elf 433104210
6 -4 1 3-3 1
-4 6—-4 1 -1 3-3 1
1-4 6—-4 1 -1 3-3 1
o) =| .ol T (f2)=

1-4 6-4 1 -1 3-3 1
1-4 6-4 -1 3-3
1-4 6 -1 3
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For matrices in the Hermitian sequence {7),(f1)}n, we have that the eigenvalues can be approxi-
mated by A\;(T5,(f1)) = co(0jn) = f1(0;n) where 8;,, = jm/(n+1); the spectral symbol ¢ is known
and equal to fi.

For matrices in the non-Hermitian sequence {T5,(f2) }rn, we have that \;(T,(f1)) % f1(6;), we only
know that the eigenvalues lie in the convex hull of the complex valued function fs; the spectral
symbol ¢y is not equal to fo. For most non-Hermitian matrix sequences the ¢y is not known
analytically, and the new matrix-less method presented in [3, 11] does not require it to be know.
However, the matrix-less method is more efficient and accurate if it is provided.

Remark 1 In the specific case of a non-Hermitian sequence {T,(f2)}n presented above we do know
that the spectrum is real and the are many viable co, e.g. co(f) = sin®(6)/(sin(0/3)sin%(26/3));
see [13] for details.
For clarity we show a Julia implementation below on how to compute a matrix C' = [cj («93”0)]?;1" o
the inputs are ng (=~ 100), o (= 3) and eigfun (a function that returns an ordered set of eigenvalues
Aj(Ay) for a matrix A, in {Ay}n).
function compute_C(ng, «, eigfun)
hs = zeros(at+1)
E = zeros(a+1l,ng)
for kk = 1:a+1
nk = 27 (kk-1)*(no+1)-1
jk = 27 (kk-1)*(1:n0)
hs[kk] = 1/(nk+1)

E[kk,:] = eigfun(nk) [jk]
end

V=[hs[ii]~(jj-1) for ii=1l:a+l, jj=1:a+1]

return C=V\E
end
As is seen above, the algorithm relies on the computed spectrum for o + 1 small matrices (of sizes
ng =28"1(ng +1) =1, for k=1,...,a+ 1) to compute the elements of C. Subesequenly c(6;)
is approximated, using interpolation-extrapolation, for arbitrary n, and used in (1) to approximate
)‘j (An) :

Remark 2 If the spectral symbol is non-monotone (e.g., the stiffness matriz for IgA or f(0) =
6 —8cos(0)+4cos(20) ), the matriz-less method does typically not work in the non-monotone region,
stnce we usually do not know how to order the eigenvalues correctly.

2. Variable coeflicients.

The spectral symbol f of the 2nd order FD discretization of (a(z)u'(x))" is two-dimensional, namely
f(z,0) = a(x)(2 — 2cos(h)), where f:]0,1] x [-7, 7] = C; e.g., see [12].

In [3] we show that we can use the rearranged symbol [2] to compute an expansion (1) for dis-
cretizations of variable coefficient problems; i.e., we map the function f :[0,1] x [-m, 7] — R to a
rearranged symbol g : [0,1] — R. In the new matrix-less method we have ¢y = g.

Remark 3 We emphasize that the class of problems and matrices where this approach can be
applied is extensive, e.g.,

o multi-dimensional problems (size of matrices are then dy(n) and not n);
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o block matrices (e.g., FE/FV/DG);

o boundary conditions (co is the same, cx,k > 0 changes);

h-dependence, space-time, sums/inverses/products;

e cigenvectors, singular values, generalized eigenvaklue problems;

and the approach could also be used to construct preconditioners and other solver techniques.

Apart from the two main points mentioned above, we will also discuss the current framework in
detail, possible extension and current developments, and possible applications.
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Spectral Computations for Quasicrystal Models

Mark Embree, Matthew J. Colbrook, David Damanik, Jake Fillman,
Anton Gorodetski, May Mei, Charles Puelz

Abstract

Mathematical models of aperiodic materials — quasicrystals — lead to fascinating problems in spec-
tral theory that can test the limits of conventional approaches to eigenvalue computation. Qua-
sicrystals are exotic objects that were discovered in the 1980s by Dan Schechtman, who was recog-
nized with the 2011 Nobel Prize in Chemistry.

The periodic structure of conventional crystals gives rise to Schrodinger operators whose spectra
consist of the union of real intervals, which are neatly characterized by Floquet—Bloch theory. At
the other extreme, disordered materials lead to random Schrédinger operators that typically have
eigenvectors whose entries exponentially decay from some central site (“Anderson localization”).
Sitting between these extremes, quasicrystal models are deterministic but not periodic, and the
associated self-adjoint linear operators often exhibit intriguing spectral structure. For example,
the spectrum can be a zero-measure Cantor set (a closed set that contains its limit points but no
intervals). How can one approach such problems using tools from numerical linear algebra?

In this talk we will survey several problems that arise in the computational study of quasicrystals,
highlighting the motivating questions, describing algorithmic approaches, and showing numerical
results, based on [2, 3, 4, 7]. We focus on three general problems.

e Approximating the spectrum of the Fibonacci Hamiltonian. The most carefully studied qua-
sicrystal model is the Fibonacci Hamiltonian H : ¢?(Z) — (*(Z), defined for each site k € Z
by the difference equation

(H2) Veget v 0, kamod1e[0,1—a);

X = Tp_ X €T s =

B Rl TR SR T R b \, kamodlel[l—a,l);

for the irrational o = (v/5—1)/2 = 0.6180. .. (the reciprocal of the golden ratio); see [4, 5] for
summaries of key results. In 1987, Siit6 [8] proved that the spectrum is a zero-measure Cantor
set for all A > 0, which one can approximate by replacing o with rational approximations given
by the ratio of successive Fibonacci numbers. With such approximations the potential {Vj}
becomes periodic, and the resulting spectrum follows from Floquet—Bloch theory. Specifically,
if {Vi} has period p, then the spectrum of H is the union of p real intervals whose end points
are eigenvalues of two p X p symmetric tridiagonal matrices plus corner entries:

Vi1 +1 ]
1 V1
TP = 1 W
. . 1
| +1 LV

To study the Cantor spectrum of the Fibonacci Hamiltonian demands approximations with
very large period p, giving intervals so narrow that the computed eigenvalues of JJ(rp ) and J&

can violate their theoretical ordering properties. For this reason we propose these examples
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as physically-motivated test matrices for symmetric eigensolvers. (Indeed, these models can
exhibit similar behavior to Wilkinson’s famous W example [9, p. 309].)

We will describe the numerical linear algebra challenges associated with the approximation
of the Cantor spectrum of the Fibonacci model and several other aperiodic models derived
from substitution rules (period-doubling and Thue-Morse) [7].

« Quantities derived from Cantor spectra.

The computation of the spectrum is often the first step in a more elaboate process. For ex-
ample, one can gain physical insight from the fractal (box-counting and Hausdorff) dimension
of the spectrum of the Schrédinger operator. How can one use estimates to the spectrum to
approximate these quantities? Simple two- and three-dimensional quasicrystal models follow
from coupling one-dimensional models on a square or cubic lattice. The resulting spectra
are now sums of Cantor sets, which could potentially be intervals, Cantor sets, or more ex-
otic sets called Canvorvals. We will discuss computational approaches and obstacles for such
problems [2, 4, 7], using the perspective of the Solvability Complexity Index [1].

e Locally supported eigenvectors of the graph Laplacian for Penrose tilings.

A different class of two-dimension quasicrystal models derive their structure from aperiodic
tilings of the plane, such as the Penrose or Ammann—Beenker constructions. From a finite
section of such tiling we construct a graph, and then study spectral properties of the associated
graph Laplacian. Generalizing work from the physics literature [6], we show that a variety of
Penrose models exhibit eigenvectors that are nonzero only on a small (repeating) pattern of
tiles, and thus arise with high algebraic multiplicity. We illustrate these configurations, and
discuss some associated numerical challenges (finding sparse bases for the invariant subspaces,
predicting eigenvalue multiplicity as the tiling grows, identifying gaps in the spectrum) [2, 3].
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Randomly Pivoted Cholesky: Near-Optimal Positive Semidefinite
Low-Rank Approximation from a Small Number of Entry Evaluations

Ethan N. Epperly, Yifan Chen, Joel A. Tropp, Robert J. Webber

Abstract

This talk describes randomly pivoted Cholesky (RPCHOLESKY), a randomized algorithm for com-
puting a low-rank approximation to a Hermitian postive semidefinite (psd) matrix. To compute a
rank-k approximation to an N x N matrix, RPCHOLESKY performs a k-step partial Cholesky de-
composition with a pivot entry randomly chosen with probabilities proportional to diagonal entries
of the current residual matrix (i.e., Schur complement). The algorithm requires O(k*N) operations
and reads only (k + 1)N entries of the input matrix.

The RPCHOLESKY method has an interesting history. The existence of the method was briefly
noted in a 2017 paper of Musco and Woodruff [9], and it is algebraically related to an earlier
“randomly pivoted QR” algorithm of Desphande, Rademacher, Vempala, and Wang (2006, [3]).
Our paper [2], originally released in 2022, reintroduced the algorithm, described its connection to
Cholesky decomposition, evaluated the method numerically, and provided new theoretical results.

Surprisingly, this simple algorithm is guaranteed to produce a near-optimal low-rank approxima-
tion. The output of RPCHOLESKY, and any other partial Cholesky decomposition, is low-rank

approximation of the form R
A= A(;,S)A(S,S)TA(S, ),

where S denotes the set of pivots selected by the algorithm and T denotes the Moore-Penrose
pseudoinverse. This type of low-rank approximation is known as a (column) Nystrém approzimation
and is used widely to accelerate kernel machine learning methods. It is known [7] that k > r/e
columns S are needed to produce a Nystrom approximation A withina 1+¢ multiplicative factor
of the best rank-r approximation [A],, i.e.,

|A - Al < (1+¢) A~ [A]l-

Here, ||-||, denotes the trace norm. In [2], we showed that RPCHOLESKY achieves the guarantee:

~ 1
BlJ4 - AL < @+ A-[ALL when k> "+ riog ().
Here, A is the approximation produced by k steps of RPCHOLESKY and 1 = || A — [A].ll, /Al

denotes the relative error of the best rank-r approximation. In expectation, RPCHOLESKY achieves
the optimal scaling k = r/e up to an additive term that is logarithmic in the relative error 7.

RPCHOLESKY has proven effective at accelerating kernel machine learning methods. Given a data
set x1,..., Ty, kernel methods perform machine learning tasks such as regression and clustering
by manipulating a psd kernel matrix A = (k(x;,x;))i<ij<n, where & is a given positive definite
kernel function. When implemented directly, kernel methods require O(N?) operations and O(N?)
storage. By replacing A with a low-rank approximation A (say, of rank k = O(1)), the storage and
runtime costs of these methods are reduced to O(N). This talk will present numerical experiments
from [2], which show that an RPCHOLESKY-accelerated clustering method can be 9x to 14x
more accurate than accelerated clustering methods using other low-rank approximation techniques.
Subsequent papers have applied RPCHOLESKY to accelerate learning of committer functions in
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biochemistry [1], as a preconditioner for conjugate gradient [4], for quadrature in reproducing
kernel Hilbert spaces [5], and compression of data sets [8].

While the standard version of RPCHOLESKY is already fast, it is slower than it could be because
it processes the columns of the input matrix one-by-one. A blocked version of the method is
faster, but can produce approximations of lower accuracy. This talk will conclude by discussing
the recently introduced accelerated RPCHOLESKY method [6], which simulates the performance of
original RPCHOLESKY using a combination of rejection sampling and block-wise computations.
The accelerated RPCHOLESKY method can be up to 40x faster than the original method while
producing the same random output (in exact arithmetic).
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Variable Projection Methods for Regularized Separable Nonlinear Inverse
Problems

Malena I. Espanol and Gabriela Jeronimo

Abstract

We consider discrete ill-posed inverse problems of the form
A(y)X ~ b = by +€ with A(ytrue)xtrue = btrue, (1)

where the vector biue € R™ denotes an unknown error-free vector associated with available data
and € € R™ is an unknown vector that represents the noise/errors in b. The matrix A(y) € R™*"
with m > n models a forward operator and is typically severely ill-conditioned. We assume that A
is unknown but can be parametrized by a vector y € R" with » < n in such a way that the map
y — A(y) is differentiable. We aim to compute good approximations of X¢yye and yirue, given a
data vector b and a matrix function that maps the unknown vector y to an m x n matrix A. To
accomplish this task, we could solve
1 2

min A (y)x — b3+ 5 Ll @)
where A\ > 0 is a regularization parameter and L € R7*" is a reqularization operator. We assume
that L satisfies that N (A(y)) NN (L) = {0} for all feasible values of y, so that the minimization
problem (2) has a unique solution for y fixed. We call problems of the form (2) regularized separable
nonlinear inverse problems since the observations depend nonlinearly on the vector of unknown
parameters y and linearly on the solution vector x.

The Variable Projection (VarPro) method was originally developed in the 1970s by Golub and
Pereyra [3] to solve (2) for A = 0 and has been widely recognized for its efficiency in solving separable
nonlinear least squares problems. VarPro eliminates the linear variables x through projection and
reduces the original problem to a smaller nonlinear least squares problem in the parameters y. This
reduced nonlinear least squares problem can be solved using the Gauss-Newton Method.

In [1], Espanol and Pasha extended VarPro to solve inverse problems with general-form Tikhonov
regularization for general matrices L. They named this method GenVarPro. For special cases
where computing the generalized singular value decomposition (GSVD) of the pair {A(y), L} for a
fixed value of y is feasible or a joint spectral decomposition exists, they provided efficient ways to
compute the Jacobian matrix and the solution of the linear subproblems. For large-scale problems,
where matrix decompositions are not an option, they proposed computing a reduced Jacobian and
applying projection-based iterative methods and generalized Krylov subspace methods to solve the
linear subproblems. Following on this theme, Espafiol and Jeronimo introduced in [2], the Inexact-
GenVarPro that considers a new approximate Jacobian where iterative methods such as LSQR
and LSMR are used to solve the linear subproblems. Furthermore, specific stopping criteria were
proposed to ensure Inexact-GenVarPro’s local convergence.

In this talk, we will show how to extend GenVarPro and Inexact-GenVarPro to solve
1 s N 2
min 5 1 A(y)x = bl3 + 5 [Lx] + iR () 3)

where p > 0 is another regularization parameter and R(y) plays the role of regularization on the
parameter vector y. Similar variational formulations have appeared in recent papers in the context
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of training neural networks [4] and computerized tomographic reconstruction [5]. We will motivate
the need to incorporate this regularization term on ¥y in the context of a semi-blind image deblurring
problem by showing some examples where, without it, the solution of the reduced problem does
not exist (i.e., no minimizer exists) or is trivial (e.g., y = 0 and A(y) becomes the identity matrix).
We will show in particular, how to extend GenVarPro and Inexact-GenVarPro to the case when
R(y) = |ly — yoll3 and R(y) = —>_;log(y;) in the context of a large-scale semi-blind image
deblurring problem. Furthermore, we will present theoretical results with sufficient conditions on
the matrices involved to ensure local convergence. Numerical experiments will also be presented to
illustrate their efficiency and confirm the theoretical results.
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Bayesian Optimal Experiment Design via Column Subset Selection

Srinivas Eswar, Amit N. Subrahmanya, Vishwas Rao, Arvind K. Saibaba

Abstract

Inverse problems involve the process of calculating parameters of a mathematical model from ob-
servational data [3]. Often these problems are ill-posed and a Bayesian approach is used to produce
a posterior distribution for the unobservable parameters. A key question is “how best to acquire
data” in such a setting. We consider the case of Bayesian linear inverse problems where there are
m candidate sensor locations, and we need to pick the k “best” ones.

Consider the measurement equation
d =Fm + ¢, (1)

where d € R™ is the data, F € R™*" is the mathematical model, and m € R" is the parameter to be
reconstructed. The observations are assumed to be perturbed with additive uncorrelated Gaussian
noise, i.e. € ~ N (0, poise). We assume that m < n, which makes the problem underdetermined.
If we assume our prior to also be Gaussian, m ~ N (p,,, T'r), the posterior will also be a Gaussian
F+ T )" and mean proq = Ppost(F Ty d + Tt g

noise
The rows of F correspond to the m different candidate sensor locations and we would like to select
only k locations to collect data. To determine the optimal sensor placements, we solve the following
combinatorial optimization problem

. ; _ pTp-1
with covariance I'post = (F'I' i

Wc?ll,1~1~1~,m}¢(w)’ subject to |W| < k. (2)
Here ¢(W) is a set-valued function which determines the quality of the sensor placement. In
this work we focus on the A-optimality criterion, which minimizes average posterior variance,
and D-optimality, which measures the information gain from the prior to the posterior. These
criteria amounts to measuring the trace and log-determinant of the posterior covariance matrices
respectively. For the current problem, these criteria take the form

-1
ba(W) = trace (rllf <I+CCT) r}f) and  ¢p(W) = —logdet (I+CCT), (3)

where C = A(:;, W) are the columns of an appropriately formed matrix indexed by W. Here
A = I‘%,{QFTI‘;;Q € R™™ ig the prior-preconditioned forward operator and selecting k columns

is akin to selecting sensors. Note that we use ¢(WW') and ¢(C) interchangeably.
Assuming the following partitioned SVD of A with 1 < k < m,

A=[U, U] [2’“ } Vi Vi)'

b}
Now our structural bounds are for column selection of the form AII = [AHl A.HQ] = [C T]
with an identical permutation of the truncated right singular vectors VgH = [VH Vlg].

Theorem 1 [1] Let A € R™™ with k < rank(A). Then for any permutation II such that
rank (V11) = k and AIL = [C T| we have,

— SO’Z(C) SO’Z‘(A), 1<y <k.
Vi

(&
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The bounds on individual singular values of C are key to obtaining bounds and algorithms for
the different OED objectives. Let C(g)t denote the optimal selection for the D-optimality criteria
(respectively C%" for A-optimality). Then utilizing Theorem m, we can see that

6p(A) < 6p(Sk) < ¢p(CRY) < 6p(C) < ¢p (Si/ | Vii'],) and

T < 0a(C) £ 94 (©) < Tl ¢ (34/ Vi) + (=)

(4)

I
where t(X) = er-inlk(x) ﬁ Not surprisingly, the performance of the selected columns depend
on the top-k singular values of A. If the discarded singular values, 3| , are not negligible, we cannot
expect C°P' to be close to A in either criterion. Note that the error bounds for the D-optimality
case is much cleaner than A-optimality due to the absence of the prior term which factors out as a
constant because of the logdet objective. Another point of concern is the presence of the terms with
n for A-optimality, which in principle can be extremely large. This term arises due to the ill-posed
nature of the inverse problem and corresponds to the singular values of 1 in I, + CC'. These
values multiply out for D-optimality but are harder to remove in the A-optimality case prompting
the development of relative bounds.

Equation (@) clearly identifies the factor HV;11H2 to optimize for in an OED algorithm. Also since

H2 > 1. We wish to make this value as close
to 1 as possible by finding a set of k well-conditioned columns of V;. This is exactly the Golub-
Klema-Stewart approach for subset selection [4], which we further accelerate using randomized
approaches. Inspired by rank-revealing factorizations [2] and exchange algorithms for OED [p], we

also investigate column-swapping based methods on model inverse problems.

V11 is an invertible submatrix of V., we have HVl_l1

The explicit connection to column subset selection gives us many avenues for future work. Is it
possible to extend our techniques to the correlated noise or to nonlinear problems? Can we reduce
the gap to ¢(Xy) by combining sensor information in a sensible manner? What if our optimization
criteria is some user specified goal?
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High-Accuracy Floating-Point Matrix Multiplication on
Low-Precision Floating-Point and Fixed-Point Hardware

Ahmad Abdelfattah, Jack Dongarra, Massimiliano Fasi, Mantas Mikaitis, Frangoise Tisseur

Abstract

We have officially entered the exascale era. At the forefront is the Frontier supercomputer, topping
the June 2024 Top500 list' as the first machine capable of performing over 10'® operations per sec-
ond in binary64 (double precision) arithmetic. Modern supercomputers achieve their remarkable
speeds by leveraging machine-learning hardware accelerators, which deliver extraordinary through-
put by trading off some degree of accuracy. While these accelerators currently support binary64
arithmetic, the field is shifting, and soon many will be optimized exclusively for lower precision.

Today, fully utilizing the potential of these accelerators requires relying on low-precision formats:
TensorFloat-32, bfloat16, binary16 (half precision), E4AM3, E5SM2, and even compact integer data
types, such as INT8. These reduced-precision formats can have a throughput up to two orders
of magnitude higher than binary64, but they lack the precision needed for traditional scientific
simulations, which require higher accuracy to yield meaningful results.

To integrate GPUs effectively into scientific computing, we must reimagine high-precision com-
putations by strategically applying lower precision when feasible. Here, we explore techniques to
reformulate a high-precision matrix multiplication as a series of low-precision operations, and we
outline two strategies for assigning different precision levels across computations. Matrix multipli-
cation is a fundamental kernel in scientific computing, and efficient implementations underpin the
performance of many algorithms in numerical linear algebra. The techniques we discuss will enable
numerical codes to make better use of current accelerators, where the performance gap between low
and high precision is widening, and of future ones, where high precision will be missing altogether.

General scheme for mixed-precision matrix multiplication Let F, and Fpign be a low-
precision and a high-precision floating-point format, respectively, and let oy and wupign be their
unit roundoffs. We consider the computation of C' = AB € fl?gxhn, where A € fﬂgxhp and B € fﬁgg .
Rows of A and column of B with only zeros do not affect the result, thus we assume that each row
of A and column of B contains at least one nonzero element. The high-precision matrices A and

B can be written as the unevaluated sum of low-precision matrices

A:A(1)+A(2)+...+A(3A)+AA7 BZB(l)—i-B(Z)+~--+B(SB)—|—AB, (1)
where the entries of AV, A@) AGa) B B BGB) helong to Fiow, while AA and AB
are truncation errors. With the decomposition (1), we can approximate the product as

SA SB

Crd S AWB®H. (2)

k=1 /(=1

In terms of runtime, (2) will achieve good performance if the low-precision matrix products of the
form A B® are executed on hardware that can efficiently multiply matrices stored in Fioy and
accumulate the result in Fie. Two terms contribute to the total error in the approximation C:

o the truncation error AAB + AAB, which depends on the splitting strategy in (1); and

"https://www.top500.org/lists/top500/1ist/2024/06/
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o a rounding error, caused by the matrix products and sums in (2)

Matrix multiplication using multi-word arithmetic A natural way to obtain the decom-
position (1) is to split A and B as sum of low-precision floating-point matrices [4]. This can be
accomplished by applying the splitting algorithm:

-1

/-1
A(k) = fliow (A - ZA(t)> ’ B(Z) = fliow (B - Z B(t)> > (3)
t=1

t=1

where fljoy (X) rounds the entries of the input matrix X to precision Fiy. In this case, we can set
s4 = sp = s, as the final accuracy will be limited by the smaller between s4 and sg.

If the splitting (1) is obtained using (3), and the approximation C' is computed using (2), then [1]

|C = Cf < (2 + uis)|AlIBl + (n + 8* = Dunign Y > [A9]|BO]. (4)
k=1 /(=1

For practical choices of ujoy and upigh, a small value of s, 2 or 3 say, is sufficient to make the two
terms in (4) of similar size. Furthermore, not all s products in (2) need be computed, since the
magnitude of the elements of A®) and B® decreases rapidly as k and ¢ increase. Ignoring all
products of the form A®BW for k+¢ > s+ 1, yields a faster algorithm and an error bounded by

|5 — C’ < ((s + Dug,, + (n+ s2 — 1)Uhigh) |A||B| + O(uhighulow + ufggvl), (5)

which is just slightly weaker than (4). We evaluated this scheme using double-binaryl6 (s =2
and wujoy, = 2711) arithmetic to compute binary32 matrix products (upign = 272*). We run our
implementations of the algorithm described above on NVIDIA GPUs equipped with tensor cores—
mixed-precision units that compute the product of binaryl6 matrices using binary32 arithmetic.
We identified some cases where, surprisingly, double-binary16 fails to achieve binary32 accuracy:
this is the case, for example, if the entries of the matrix are drawn from the interval (0, 1]. This
phenomenon does not contradict the bounds (4) and (5), and with the help of probabilistic rounding
error analysis we showed that a possible cause is the fact that the tensor cores use a custom rounding
mode that is less accurate than round-to-nearest [2]. To support this conclusion, we used the
CPFloat library [3] to simulate a variant of the tensor cores that uses round-to-nearest throughout,
and we showed that switching between rounding modes has indeed the expected effect on accuracy.

The Ozaki scheme for matrix multiplication An alternative technique, which goes back to
Rump, Ogita, and Oishi [8], uses a fixed-point representation to recast the matrix product as a
sequence of error-free transformations. In the case of matrix multiplication [7], this technique is
known as the Ozaki scheme. The decomposition (1) is computed using the element-wise algorithm

k—1

t=1
-1

bEf) — ﬂ(ﬂ <5j + <bij _ Zzﬁ)) _ ﬁj>7 B; = amaxi<y<p logalbi; |14/ (big),
t=1

where f(z) returns 1 if x is a power of two, and 0 otherwise. If the routine computing A*)B()
in (2) takes matrices with elements in Fjoy as input but uses precision Upigh internally, then the
intermediate precision used by the fl operator in (6) can have at most

(6)

q= [(10g2 Uﬁéh — logy P)/2—‘
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bits, where p is the common dimension of A and B. This choice of ¢ ensures that all multiplications
of the form A% B® will be exact.

Implicitly, the algorithm (6) performs two actions. First, it scales all entries in the ith row of A by
al-_l, where «; is the smallest power of two that is strictly larger, in magnitude, than all elements in
the ith row of A; this ensures that a; 1ai]~ has magnitude in the interval [0,1). Next, each o 1aij is
interpreted as a fixed-point number, and its representation is divided up into g-bit segments, each
assigned to a different low-precision slice A®*). The matrix B is sliced analogously, with the proviso
that the algorithm operates by columns rather than by rows. This gives the representation

SA SB
A = AA + diag(«) Z 9~ka g (k) B=AB+ Z 2~ B diag(), (7)
k=1 =1

where AW A@)~AGa) and BM, B . BGB) are slices of a fixed-point representation of the
elements in A and B. Since a; and ; depend on the magnitude of the largest entry in row ¢ and
column j, respectively, the leading matrices may have zeros in positions corresponding to small
elements in A and B.

If s4 and sp are large enough to guarantee that AA =0 and AB = 0 in (7), then algorithm (2)
will produce an extremely accurate approximation C , where the only rounding errors are due to the
sasp floating-point sums. Mukunoki et al. [5] have specialized this algorithm and have implemented
it to obtain binary64 accuracy by using binary16 arithmetic on the NVIDIA tensor cores.

The latest NVIDIA GPUs can perform matrix multiplication even more efficiently using integer
arithmetic. The tensor cores of NVIDIA H100 cards, for example, can compute the product of
matrices stored in INT8 format (an 8-bit signed format) using 32-bit signed integer arithmetic.
Exploiting the fixed-point nature of the Ozaki scheme, Ootomo, Ozaki, and Yokota [6] have therefore
developed a method that computes the product of two binary64 matrices using only INT8 matrix
multiplications. This initial idea was further refined by Uchino, Ozaki, and Imamura [9], who
developed a more accurate and efficient variant of this scheme and gave a first error analysis. For
s4 = sg = s, they show that

|C —C| <4(s + 1)k27PaB” + (5 — 1)unign|A|| B,

where upign is the unit roundoff of the floating-point arithmetic used to accumulate the partial
matrix products in (2). This result suggests that the algorithm can be inaccurate if s is too small,
or if the entries of the matrix are large in absolute value, as this will cause the entries of the vectors
a and B to be large.

We propose an alternative error analysis that can be used to inform the choice of the parameters
s4 and sp, which we argue need not be equal in the Ozaki scheme. First, we note that the terms
in (7) satisfy

|5aij| < ouug, g = 27549, |5b¢j‘ < BjuB, up = 279849, (8)

In error analysis, it is often more informative to bound the relative error. Such bounds arise natu-
rally when using floating-point arithmetic, because floating-point numbers have constant precision.
In fixed-point arithmetic, precision is tapered, so bounds like those in (8) are more familiar, but it
is still possible to bound |da;;| and |0b;;| in terms of |a;;| and |b;j|, respectively, since

ili1<j<
|0aij| < kaualagjl, KA =2 max —; maxctag — ) '
<i<m min;{|a;;| : 1 < j < p and a;; # 0}

max{|b;;| : 1 <i < p}
0b:i| < biil, =2 .
| U| - KBUB| U‘ "B élﬁgxn mln{\bz]| 01 § /) S p and bij 75 0}
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Our analysis yields the alternative error bound
|C — C| < kaua + kpup + Kakpuaup +Ys,sp-1(1 + Kaua + kpup + kawpuaug))|A||Bl.

In other words, the overall error can be substantial if either k4 or kp are large. One can counteract
the prominence of these two terms by increasing s4 and sp, but doing so will negatively impact
the performance of the algorithm, which needs to perform O(s4sp) integer matrix multiplications.

The integer-based Ozaki scheme can be much faster than traditional high-precision alternatives,
but our analysis suggests that it can also be significantly less accurate, depending on the dynamic
range of the entries of A and B. The value of the parameters s 4 and sp required to meet a specific
accuracy target can be determined by examining x4 and kp, which are inexpensive to compute.
For a given choice of s4 and sp, we can estimate the runtime of the scheme, and we can opt for a
traditional high-precision routine when the latter is expected to be faster.
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Multigrid Methods for Solving Indefinite Problems
in Port-Hamiltonian Systems

Paola Ferrari, Matthias Bolten
Abstract

In this study, we develop and analyze multigrid methods for efficiently solving large-scale indefinite
structured linear systems that arise in port-Hamiltonian systems. Port-Hamiltonian systems are
open dynamical systems characterized by a Hamiltonian function representing the stored energy,
and they interact with their environment through ports, which facilitate the exchange of energy.
Mathematically, these systems are described by differential equations coupled with algebraic con-
straints, forming a framework that inherently preserves the energy-conserving properties of physical
systems. Resistive effects are included by terminating some of the ports on energy-dissipating ele-
ments, such as resistors, which introduce dissipation into the system. Finding the numerical solution
of such problems results in resolving linear systems with specific structures, often indefinite and
involving skew-symmetric and symmetric blocks [6, 8].

The combination of energy-conserving and dissipative properties leads to saddle-point structures.
When discretized, they result in large, indefinite systems of equations that pose significant compu-
tational challenges. The matrices involved are often block-based, with components that are skew-
symmetric or symmetric, and with proper discretizations, they are of (multilevel block) Toeplitz
type. The skew-symmetry can lead to Hermitian but indefinite matrices when multiplied by the
imaginary unit. The coupling introduces additional challenges due to the skew-symmetric nature
of the interactions, necessitating specialized numerical techniques for efficient and stable solutions.

Multigrid methods have long been recognized as optimal solvers for a wide range of elliptic partial
differential equations (PDEs) due to their ability to provide convergence rates independent of
the problem size. However, adapting these methods to indefinite and structured problems, such
as those encountered in port-Hamiltonian systems, requires careful consideration of the matrix
properties and the selection of appropriate smoothers and grid transfer operators. In this study,
we address such challenges by focusing on two key aspects: solving general saddle-point systems
that arise naturally in port-Hamiltonian models and solving skew-symmetric Toeplitz systems. Our
tailored multigrid methods are designed to handle the indefiniteness and structured properties of
the resulting linear systems, providing efficient and stable solutions to the considered complex
problems.

To tackle these computational challenges, we propose applying an approach inspired by Notay’s
method [7] for solving saddle-point systems. This method involves transforming the original system
through pre- and post-multiplication with sparse block triangular matrices, effectively precondition-
ing the system to be more suitable for resolution by multigrid techniques. After this transformation,
the diagonal blocks become symmetric and positive definite, resembling discrete Laplace operators
that are well-suited for multigrid solvers. In our previous works [2, 3], we successfully applied this
approach to multilevel block Toeplitz matrices arising from finite element approximations of systems
of PDEs such as the Stokes problem, demonstrating that it leads to efficient multigrid methods with
convergence rates independent of the matrix size. We extend this approach to port-Hamiltonian
systems.

To establish a rigorous convergence analysis of our proposed multigrid methods, it is crucial to
examine the detailed matrix structures of the discretized systems. These matrices are low-rank
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corrections of multilevel block Toeplitz matrices, whose properties can be characterized by their
(matrix-valued) generating functions, also called symbols. By deriving the generating functions,
we gain insight into the spectral properties of the transformed matrices, which are essential for
analyzing the effectiveness of multigrid methods. Specifically, for saddle-point problems with hidden
block Toeplitz structure, the analysis of the generating functions enables us to determine optimal
preconditioning strategies and to select appropriate smoothers and grid transfer operators within
the multigrid hierarchy.

For structured problems involving multilevel block Toeplitz matrices, such as those arising in port-
Hamiltonian systems, it is essential to preserve the matrix structure across different grid levels. This
focus guides the design of our grid transfer operators. By retaining the Toeplitz-like structure, we
can apply symbol-based convergence analysis uniformly across all grid levels. This approach enables
us to rigorously analyze and predict the convergence behavior of the multigrid method, providing
both theoretical guarantees and practical performance benefits.

Additionally, we present a preliminary analysis of multigrid methods for port-Hamiltonian-derived
saddle-point problems with hierarchical and recursive configurations. These configurations com-
monly arise in complex port-Hamiltonian models where multiple nested levels of interactions or
coupling mechanisms are present. By extending our multigrid framework to accommodate hier-
archical and recursive structures, we highlight the potential for scalability and effectiveness in a
broader class of indefinite and structured linear systems.

To validate our theoretical findings, we present numerical experiments focusing on field-circuit
coupling problems [4] and also on non-convex shape optimization problems [1]. In the field-circuit
coupling experiments, we tackle large, indefinite linear systems arising from the interaction of
Maxwell’s equations with circuit equations, simplified under certain modeling assumptions to quasi-
stationary models or dimensionally reduced forms like the telegraph equation. Concerning shape
optimization, we address non-convex problems involving mechanical components, such as optimizing
the shape of ceramic parts under reliability, volume, and construction space constraints. These
numerical experiments confirm that the convergence rates of our multigrid methods are indeed
independent of the problem size, validating the effectiveness of our approach in practical, complex
applications.

Furthermore, we focus on the resolution of skew-symmetric structured linear systems. Multiplying
a skew-symmetric Toeplitz matrix by the imaginary unit transforms it into a Hermitian matrix;
however, the resulting matrix is not positive definite, complicating the application of standard
multigrid methods.

In particular, we introduce a novel approach by interpreting a scalar skew-symmetric Toeplitz ma-
trix as a block Toeplitz matrix with 2 x 2 blocks. This block formulation allows us to associate
the transformed Hermitian matrix with a matrix-valued generating function, which we demon-
strate is diagonalizable and possesses one positive and one negative eigenvalue function. According
to the relationship between the eigenvalues of Hermitian Toeplitz matrices and their generating
functions—as established by Szegé’s theorem—the zeros of these eigenvalue functions lead to near-
zero eigenvalues in the matrix. The near-zero eigenvalues can significantly hinder the convergence
of multigrid methods due to slow error reduction in the associated spectral components [5].

To address this challenge, we develop grid transfer operators that consider the two eigenvalue
functions separately, effectively tailoring the multigrid hierarchy to the distinct spectral properties
of the positive and negative eigenvalues. By analyzing the eigenvalue functions and their zeros,
we design interpolation and restriction operators that enhance the coarse-grid correction process.
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Additionally, we employ block-Jacobi methods as smoothers and establish a preliminary theoretical
framework to estimate optimal smoothing parameters, thereby improving the overall efficiency of
the multigrid method.

Our approach ensures robust convergence of multigrid methods for skew-symmetric Toeplitz sys-
tems, even in the presence of near-zero eigenvalues. Numerical experiments confirm the effectiveness
of our method, showing optimal convergence rates also in the multilevel setting.

Overall, our work advances the development of efficient multigrid methods for large-scale, indefinite,
and structured linear systems arising in port-Hamiltonian systems. By addressing the challenges
associated with saddle-point structures and skew-symmetric Toeplitz matrices, we provide a robust
computational framework with convergence rates independent of the problem size. Our theoretical
analyses, supported by numerical experiments, demonstrate the potential of these methods to
significantly improve computational efficiency in modeling complex physical systems.
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Interpolated Compressed Inverse Preconditioning:
Fast and Accurate Simulation of Close-to-Touching Discs in Stokes Flow

Daniel Fortunato, Mariana Martinez Aguilar, Dhairya Malhotra

Abstract

We consider the flow of dense suspensions of rigid bodies in a Stokesian fluid. Such flows are
difficult to compute numerically due to the presence of close-to-touching interactions, which may
require a large number of unknowns to resolve sharply peaked surface forces, a large number of
GMRES iterations to solve the discretized PDE, and an extremely small time step. A common
way of dealing with these difficulties is to introduce a repulsion force between particles to prevent
them from getting too close. However, this additional repulsion force is non-physical and may
fundamentally alter the results of a simulation.

For suspensions of identical discs in 2D, we present a fast and accurate boundary integral method
that mitigates these challenges without introducing artificial forces. Through precomputation, com-
pression and interpolation of the close-to-touching part of the interaction operator, our method—
termed interpolated compressed inverse preconditioning—efficiently handles close-to-touching inter-
actions down to distances of 107!? with only a coarse discretization of the boundary. Additionally,
we present a preconditioner that significantly reduces the number of GMRES iterations required
to solve the Stokes mobility problem at each time step by effectively reusing the Krylov subspace
from previous time steps. Coupled with high-order, adaptive time-stepping using spectral deferred
correction, we are able to take larger time steps, mitigating the temporal stiffness resulting from
close-to-touching interactions.

For a graphical description of this work, see: https://danfortunato.com/talks/ICIP-poster.pdf.

1 Stokes mobility problem

We consider Nq rigid discs Q = {4, ,Qn,,} embedded in a Stokesian fluid. The fluid velocity
in the exterior of ) is governed by the Stokes equations,
~Au+Vp=0 in R?\ Q, (1)
V-u=0 in R?\ Q, (2)
where wu is the fluid velocity and p is the fluid pressure. Equations (1) and (2) denote the momentum
balance and incompressibility constraints, respectively. In addition, we also assume that the fluid
velocity at infinity decays to zero,
u(x) -0 as |x| — oo.

Each disc has a net force F} and a net torque T}, acting about a point xj. The discs undergo rigid
body motion with the velocity V' given by,
)J_

V(z) = v + wi(x — xj, for all € Qy,

where vy, is the translational velocity and wy, is the angular velocity of € about the point zj. A
slip velocity boundary condition us between the rigid bodies and the fluid is prescribed. Therefore,
the fluid velocity on the boundary 952 is given by,

u=V +u, on 0f).
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In the mobility problem, we are given ug, Fj,, and T}, about xj, for each 2. The rigid body motion
V (i.e., vi and wy for each ) is not known and must be determined.

Using the Stokes single- and double-layer potentials to represent the fluid velocity w in terms of an
unknown surface density o, a boundary integral equation (BIE) for the Stokes mobility problem
can be formulated as given in [1]:

Ko=g on 012, (3)

where K is a second-kind boundary integral operator and g encodes the given slip velocity, net
force, and net torque.

2 Close-to-touching interactions

Consider the model problem of two discs separated by a distance d, with each disc discretized into
a set of high-order Gauss—Legendre panels. The two disc problem serves as an effective pairwise
preconditioner in a simulation with many close-touching discs. When the distance d between two
discs gets small, the solution o to the BIE in (3) becomes highly peaked. This requires an extremely
fine discretization of the boundary in the close-to-touching region. We label the close-to-touching
region as I's and the remaining boundary as I'y = 92\ I's. Then, (3) can be discretized as a block

linear system,
(Kll K12> <01> _ <91> (4)
Ko Koo \o2 92)

where g; and o; are the boundary conditions and unknowns on I'y, go and o2 are the boundary
conditions and unknowns on I's, and K;; represents a sub-block of the discretized operator K that
computes interactions from sources on I'; to targets on I';. Right preconditioning (4) with the block
diagonal preconditioner (é ngl ) yields the system

<K11 K12K2_21> (01> _ <91> (5)
Ko I 02 92/’

where 79 = Kaoo9 is a new unknown on I's. While (5) may require fewer GMRES iterations to
solve than (4), it still requires an excessively fine discretization in the close-to-touching region I's.
Additionally, computing K2_21 on the fly can be expensive, especially for problems with moving
boundaries. However, one may show that &2 can be discretized on a coarse mesh and that the
off-diagonal block K 12K2_21 is low rank.

2.1 Compressing close-to-touching interactions

Since I'1 and I's are disjoint, the discretized boundary integral operators Kis and Ko are low
rank, with the numerical rank independent of the distance d. Hence, the column space of Ko
is comprised of smooth functions that can be discretized using piecewise polynomials on a coarse
mesh. From (5), we have 79 = g2 — Ka1071; therefore, 75 is smooth whenever gy is smooth and
it can be discretized on a coarse mesh. Since Ko is low rank, so is K 12K2_21 (with numerical
rank independent of d). There are several ways of constructing a compressed representation for
K 12K2_21. To retain the boundary integral structure and allow for acceleration by the fast multipole
method (FMM), we use a representation of the form K9 R where R is a low-rank operator such that

129



KR~ K 12K2_21, up to a given numerical tolerance. We now describe the numerical construction
of R.

Consider two different panelizations of I'y: a fine mesh where the panels on each disc are refined
dyadically towards the closest point between the discs, and a coarse mesh with a small number of
uniformly sized panels on each disc. We denote quantities on the coarse mesh with a superscript
“c”; all other quantities are assumed to live on the fine mesh. Define the prolongation operator P
that interpolates data from the coarse mesh to the fine mesh, and diagonal matrices W; and W,
containing the weights for smooth integration on the fine and coarse meshes, respectively. Then,

Wc_lPTWf computes an L? projection from the fine mesh to the coarse mesh.

Assuming that the boundary data go is smooth and therefore representable on the coarse mesh, we
have

g2 = ngv (6)
09 = PE; (7)

Since K19 and K91 are low rank, they can be approximated accurately by their coarse discretizations,

Ko = KW, PTW, (8)
Ko = PK3y, 9)

Substituting (6)—(9) in (5), we obtain

TRSORE
=17 10
<K§1 I ) 92 (10)

where R = Wc_lPTWng;P. This definition of R is used in the RCIP (recursively compressed
inverse preconditioning) method [2]. For an order-p fine mesh with O(log d) levels of refinement, di-
rect construction of R takes O(p?(log d)?) operations; the RCIP method provides a faster algorithm
to construct R without directly computing K{;, taking O(p®logd) operations. Our main result—
termed ICIP (interpolated compressed inverse preconditioning)—instead constructs R through pre-
computation and interpolation, requiring only O(p?) work.

2.2 Interpolated compressed inverse preconditioning (ICIP)

Constructing R = R(d) each time for a different value of d can be expensive since it requires com-
puting KQ_QI. Instead, we construct a polynomial interpolant for R(d) over a range d € [dmin, dmax)
(where 0 < dmin < dmax). Then for any value of d in the interval, we construct R(d) through
entrywise interpolation. We use Chebyshev polynomials in logd as our interpolation basis, i.e.,

[R(d)]ij = > _[Ri;Tx(log d)
k=0

where [Ry];; is the kth Chebyshev coefficient for the ijth entry of R(d). For accurate interpolation
of R(d) over a large dynamic range of 10710 < d < 10~!, only a moderate interpolation order of
q = 32 is required. After an offline precomputation to generate { R }{_,, constructing R(d) at each
time step costs O(p?q) operations.
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3 Accelerating timestepping with subspace recycling

While the two-disc preconditioner is effective at lowering the number of GMRES iterations induced
by close-to-touching interactions, a significant number of GMRES iterations may still be required at
each time step for problems with many discs. To ameliorate this effect, we propose a preconditioner
which effectively reuses the Krylov subspace from previous time steps.

After the kth iteration of GMRES, the Krylov matrix is given by X = [b Ab --- A*'b]. Let
QR = AX be the QR decomposition of AX. Then the matrix P given by
P=1-QQ" + XR Q"

has the following properties:
PAz = z for all « € span(X),
Py =y for all y L span(X).
Hence, P effectively reuses the given Krylov subspace X when used as a preconditioner in a Krylov
method. In a high-order time-stepping scheme based on spectral deferred corrections, this precon-
ditioner can drastically reduce the number GMRES iterations by recycling the Krylov subspace
between time steps.
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Analysis on Aggregation and Block Smoothers in Multigrid Methods for
Block Structured Linear Systems

Matthias Bolten, Marco Donatelli, Paola Ferrari, Isabella Furci
Abstract

In this talk we present a detailed analysis of block smoothers and propose new aggregation-based
strategies in multigrid methods for structured linear systems [3].

Multigrid methods are well-known for their efficiency in solving large linear systems, especially
when the coefficient matrices exhibit a large (multilevel block) structure [2, 7, 8]. These methods
are widely used in various scientific and engineering applications, including the discretization of
partial differential equations (PDEs), image processing, and approximation problems.

The key to developing effective multigrid methods lies in the careful selection of the grid transfer op-
erator P and the iterative methods that serve as pre/post smoothers within the multigrid iteration.
In previous works [2, 8], a comprehensive convergence analysis for two-grid and V-cycle methods
applied to scalar Toeplitz and circulant systems was developed. Specifically, the convergence re-
quirements for P and smoothers were formulated elegantly using conditions on the (scalar-valued)
function f associated with the structured coefficient matrix. Extending this symbol-based analysis
to block systems introduces challenges such as the non-commutativity of matrix-valued functions
and the need for suitable grid transfer operators to manage coarse-grid corrections.

Scalar smoothers can be defined by carefully selecting the relaxation parameter based on the matrix-
valued function f, mimicking the approach used for scalar-valued functions. However, we show that,
as the block dimension d increases, block smoothers become more appropriate because they align
more naturally with the system’s block structure.

One of the main goals of this talk is to provide an in-depth analysis of block smoothers, which
are more effective in handling block-structured systems. Specifically, we introduce a relaxed block
Jacobi method and derive general conditions for the smoothing parameter w that ensure conver-
gence. This method proves more efficient than scalar smoothers, both in terms of solving time
and set-up time. From our comparison of scalar and block Jacobi smoothers, we demonstrate that
the block Jacobi method consistently outperforms its scalar counterpart in terms of convergence
rate and computational efficiency, particularly for systems with large block dimensions. Moreover,
we show that the general conditions on smoothing parameters can be calculated with negligible
computational cost in some practical applications.

Regarding the choice of grid transfer operators, a rigorous convergence analysis for the two-grid
method (TGM), further extended to the V-cycle, was derived in [6]. The latter demonstrates that
certain classical grid transfer operators, such as the geometric projection and standard bisection
operators, meet the necessary conditions for convergence in many practical cases. The grid transfer
operator in this context is written as

where K is an n X k matrix that reduces the dimension of the problem by selecting specific rows,
and A, (p) is a structured matrix analogous to the original problem. A key aspect of such grid
transfer operators is that they preserve the block structure at coarser levels, and the proof of the
approximation convergence property is based on validating further commutativity conditions on
the matrix-valued symbol p.
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However, many known grid transfer operators were not covered by the previous theory. To address
this, new conditions were obtained in [4], expressing the projector’s approximation property in
terms of the eigenvector associated with the ill-conditioned subspace, thereby broadening the class
of valid operators. Specifically, convergence results in the block-structured setting were derived
by exploiting block-symbol analysis. If () is a trigonometric polynomial with exactly one zero
eigenvalue at 6y and is positive definite in [0,27)\{60p}, it can be diagonalized as

where Q(f) is the matrix of eigenvectors and D(f) is the diagonal matrix of eigenvalues. We
denote by ¢;(#) the normalized eigenvector associated with the zero eigenvalue A\;(f(6p)) = 0.
Under certain assumptions, sufficient conditions for the linear convergence of the TGM involve
choosing p such that the function p(6)7p(0) + p(d + 7)Zp(0 + 7) is positive definite for all €
[0,27) and specific limit conditions as 6 approaches 6y are satisfied. These requirements can be
simplified in specific applications, and the V-cycle convergence conditions are based on these results.
An important aspect of the strategy outlined above is that the grid transfer operator maintains
the block structure at coarser levels. While this is theoretically convenient for proving V-cycle
convergence, it introduces computational challenges, as the block structure remains, and the matrix-
valued function can be difficult to analyze.

The second aim of this talk is to present a new symbol-based multigrid method with an aggregation-
based approach, which reduces the system to a scalar form at coarser levels. In particular, from the
decomposition of the matrix-valued trigonometric polynomial f, we propose a grid transfer operator
of the form

P = In ® Qj(GO)-

This approach offers significant computational advantages, especially for large-scale systems [1]. At
the coarse level, the coefficient matrix simplifies, resulting in a scalar-valued function

£(0) = ' (00)£(0)q;(60),

which maintains some properties of the original problem. Indeed, f vanishes at 6y (and only at
6p), and with a zero of order smaller than or equal to that of the original A\;(f), ensuring that the
conditioning of the problem does not worsen.

We derive the convergence and optimality of the TGM by combining the approximation property
verified by P and the findings on the block smoothers. We also extend the TGM analysis to
the V-cycle, where the properties of the scalar-valued symbol at the coarse level are crucial in
determining the convergence rate. In particular, we show that V-cycle convergence can be achieved
by combining the TGM results with an analysis of the scalar coarse-level symbol. This allows us
to formulate clear conditions for convergence and optimality, even in complex block settings.

From a computational perspective, aggregation-based methods provide substantial savings while
maintaining convergence, particularly when combined with over-relaxation strategies. As proposed
by Braess [5], over-relaxation of the coarse-grid correction significantly enhances multigrid perfor-
mance, and we show the effectiveness of this strategy when combined with our symbol-based grid
transfer operators. This corresponds to performing an over-relaxation with a parameter a > 1 when
computing the interpolation of the error, aPy. Consequently, we present a strategy to select the
optimal pair (w, &) to minimize the spectral radius of the TGM iteration matrix, thereby improving
results.
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To validate our theoretical findings, we conduct numerical experiments using the proposed approach
both as a standalone method and as a preconditioner for Krylov iterative methods. The tested large-
scale block circulant, block Toeplitz-like, and Generalized Locally Toeplitz (GLT) linear systems
stem from discretizations using Q; Lagrangian FEM approximation of second-order differential
problems and B-spline discretization with non-maximal regularity. In addition to confirming our
theoretical results, these examples demonstrate how the conditions outlined for block smoother
convergence simplify in practical scenarios.
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Proving Rapid Global Convergence for the Shifted QR Algorithm

Jess Banks, Jorge Garza-Vargas, Nikhil Srivastava

Abstract

The design of efficient and reliable algorithms for computing the eigenvalues and eigenvectors of a
matrix is of unquestionable importance in both science and engineering. However, despite significant
advancements in various practical aspects, fundamental theoretical questions about the eigenvalue
problem remain poorly understood. In this talk I will discuss work [BGVSa, BGVSb, BGVSc| that
provides nearly optimal rigorous guarantees, on all inputs, for the shifted QR algorithm. Similar
results were established by Wilkinson in [Wil68] and Dekker and Traub in [DT71] for Hermitian
inputs; however, despite sustained interest and several attempts, the non-Hermitian case remained
elusive for the last five decades.

The QR iteration. The QR algorithm, which originated in the works of Francis [Fra61, Fra62]
and Kublanovskaya [Kub62] (see [GU09] for some history), has been listed as one of the top ten
most influential algorithms of the 20th century [DS00] and is the preferred method for computing
the full eigendecomposition of an arbitrary input matrix.

In its simpler form, the QR algorithm starts by putting the input matrix A € C™*" into Hessenberg
form, that is, it computes a unitary matrix U such that H = U* AU is an upper Hessenberg matrix."
Then, it computes a sequence of Hessenberg matrices Hy = H, Hy, Hy ... via the iteration:

(Qt, Rt] = aqr(Hy), (1)
Hi 1 = QY HQy.
Where Q:R; = H; is the QR decomposition of Hy, and from H;1 = Qf H;(Q); we see that
A: UthUt* for Ut = UQOQt

This iteration has the fascinating property (see [Wat82]) that for generic? inputs A, as t goes to
infinity, the H; converge to an upper triangular matrix, say, 7. In such situation, we can set
V = lim;_, o U, so that

A=VTV*

therefore obtaining the Schur decomposition of A.> The appeal of this method resides on the
simplicity of the iteration described in (1). The drawback is that the convergence H; — T happens
at a prohibitively slow rate for most inputs, ultimately turning it into an impractical algorithm.

The shifted QR algorithm. In practice the QR iteration is endowed with “shifts” that seek to
accelerate convergence. Concretely, at each time ¢, a polynomial p;(z) is computed as a function of
H; (see Wilkinson’s shift below for an example) and the iteration now is given by:

[Q¢, Ry = qr(pe(Hy)), (2)
Hiy1 = QY HQy.

!This can be done by applying a sequence of n — 1 suitably chosen Householder transformations. This procedure
is numerically stable and can be executed in O(n®) arithmetic operations, see [Wat08] for details.

2That is, all but a set of Lebesgue measure zero.

3Recall that one can read the eigenvalues of A from the diagonal entries of 7', and if desired, easily compute the
eigenvectors of A from the columns of V.
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Intuitively, one should think of the roots of p.(z) as “guesses” for the eigenvalues of H; (which by
unitary equivalence are the same as the eigenvalues of A) and, the better the guesses the more
progress towards convergence one will make while going from H; to H;i1. Moreover, the closer
H; is to an upper triangular matrix, the more its eigenvalues have been “revealed”, which allows
one to make better guesses, all together yielding a virtuous cycle that is in part responsible for
the undefeated performance of the shifted QR algorithm. This intuition can be made rigorous
by understanding the connection between the shifted QR algorithm and shifted inverse iteration
[Wat82, Wat08], where the aforementioned “virtuous cycle” can be established via a local analysis
of convergence, e.g. see [Par74] or [Par98, §4.7].

The chosen algorithm for computing the p;(z) as a function of the H; is refered to as the shifting
strategy, and the main purpose of any shifting strategy is to guarantee rapid global convergence,
that is, rapid convergence to an upper triangular matrix regardless of the starting condition Hy.
Although local convergence is intuitive (as explained above) and typically easy to establish, devising
a shifting strategy that ensures rapid global convergence remained an important open problem
throughout the years [Par74, Mol78, Dem97, Sma97, HDG*15].

Exploiting the Hessenberg structure. Working with Hessenberg matrices has several com-
putational advantages that ultimately permit obtaining the full eigendecomposition of the input in
nearly n® operations, which is the initial cost of putting the input matrix into Hessenberg form.

Easy deflation. In practice, one can only hope to compute an approximate Schur form (resp.
approximate eigedecomposition) for the input matrix. In turn, when seeking to solve the an ap-
proximate version of the eigenvalue problem, one can exploit the Hessenberg structure to accelerate
the algorithm as follows. We will say that an upper Hessenberg matrix H is -decoupled if one of
its subdiagonals satisfies |H (i,7 — 1)| < d||H||. So, in the iteration (2), once one of the matrices H;
is 0-decoupled for some d small enough, one can zero out the small subdiagonal:

* * x % % 7#:7*7:7*7 Kk
0 small * *x =* — 0 01 x x x
0 0 * ok %k 0 0:* * ok
0 0 0 * = 0 0'0 =* =

This procedure, called deflation, incurs a small error in the computation but has the advantage that
the resulting matrix is now block upper triangular, and therefore the spectrum of the big matrix is
the union of the spectra of each of the smaller block diagonal parts, which happen to again have
a Hessenberg structure. Moreover, the eigenvectors of the big matrix can be related in a similar
way to the eigenvectors of the smaller diagonal blocks. With this, the eigenvalue problem has been
reduced to two subproblems of smaller dimension, on which one can again call the QR algorithm.

Implicit shifts. Another advantage of the Hessenberg structure is that in the iteration (2) one can
compute Hyyq from H; without having to explicitly compute p;(H). Concretely, if py(z) is of degree
k and H; is of dimension n, one can compute Hy 1 from H; in O(kn?) operations using a procedure
commonly known as chasing the bulge (see [Tis96] or [Wat08]). Moreover, when the input matrix
is Hermitian, the iterates H; are tridiagonal, and in this case Hyy; can be computed from H; in
O(kn) operations.

Meaningful corners. If H is a normal upper Hessenberg matrix then the lower-right corners of H
can be related to the orthogonal polynomials associated to a natural probability measure supported
on the spectrum of H, and, there is a natural potential theory interpretation of the subdiagonals
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of such corners. In the general non-normal case these interpretations are no longer valid, but still
provide great intuition for the dynamics of the shifted QR algorithm. In part, this is the reason
why many of the shifting strategies use small lower-right corners of the Hy to compute p:(2).

Previous theoretical guarantees. When the input A € C"*™ is Hermitian, and therefore
all the iterates H; are too, Wilkinson introduced a shifting strategy that guarantees rapid global
convergence. At time ¢, Wilkinson’s shift computes the two eigenvalues of the lower-right 2 x 2
matrix of H; and takes the one (call it wy) that is closest to Hy(n,n) to then set pi(z) = z — wy.
In [Wil68] Wilkinson proved that for any initial Hermitian Hy , if one runs the iteration (2) using
his shifting strategy, it holds that lim;_,, H¢(n,n — 1) = 0, which in particular implies that for any
6 > 0, the matrix Hy is §-decoupled once t is large enough. This was then revisited by Dekker and
Traub [DT71] who obtained a rate of convergence for Wilkinson’s shift by showing that

|Hi(n,n — 1)2Hy(n — 1,n — 2)|
\@ 3
In particular, this implies that for any 6 > 0, d-decoupling occurs in O(log(1/0)) iterations. Com-

bining this with the deflation technique and the implicit shifts described above, one gets that any
Hermitian matrix can be fully diagonalized to accuracy § in O(n? 4 log(1/d)n?) operations.

|Hip1(n,n —1)2Hy i (n — 1,n — 2)| < forallt>0. (3)

The case in which the input matrix A € C"*™ is unitary was later solved by Eberlein and Huang
[EH75] and Wang and Gragg [WG02]. When Hj is unitary the Wilkinson shift is no longer guar-
anteed to eventually produce decoupling. In fact, if the Wilkinson shift is used it can occur that
Hy = Hi = Hy = ---, and similarly many other natural shifting strategies have certain unitary
matrices as fixed points (see [Par66]). The insight of Eberlein and Huang [EH75] was that these
commonly used shifting strategies could be combined with an exceptional shift that avoids stagna-
tion. In essence, their idea was to choose a main shift (e.g. one could choose the Wilkinson shift),
and then exploit the knowledge that the input matrix is unitary to identify fixed points for the
main shift, to then scape them by invoking the exceptional shift whenever necessary. Later, Gragg
and Wang [WGO02| revisited this idea and showed that, on unitary inputs, a mixed strategy that
combines the Wilkinson shift and an exceptional shift satisfies a more complicated version of (3).
Their analysis implies that this mixed strategy achieves d-decoupling in O(log(1/4)) iterations,
ultimately implying that any unitary input can be diagonalized to accuracy § in O(log(1/8)n?)
operations.

Beyond Hermitian and unitary matrices not much was known and proving rapid global convergence

was open even in the normal case. We refer the reader to [BGVSa, §1.2] for a comprehensive
literature review.

The main result. In the series [BGVSa, BGVSb, BGVSc| we introduced a shifting strategy that
provably achieves global rapid convergence (in the space of all matrices). Hereon, if all the p;(z) in
a shifting strategy are of degree k we will say that the shifting strategy is of degree k.

The condition number of the eigenvector matrix turned to be a fundamental quantity in our analysis.
To be precise, if A € C™*" is diagonalizable, define

ky(A)= inf VIV
vy = nt VIV,
where || - || denotes the operator norm and the infimum runs over all diagonalizations of A. Note

that when A is normal one has xy(A) = 1 and when A is non-diagonalizable the convention is
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that ky (A) = 00, so ky (-) can be viewed as a measure of non-normality. Fundamentally, [BGVSa]
proves the following.*

Theorem 1. For every positive integer k, there exists a shifting strategy of degree k that is ensured
to achieve 0-decoupling in log(1/d) iterations provided that the starting matriz Hy satisfies

log(1 + ky (Ho)) - log (1 4 log(1 + rv (Hp))) < ck, (4)

where ¢ > 0 is some absolute constant.

In some sense, our analysis articulates that the complexity of shifted QR is tied to sy of the input. In
particular, the above theorem implies that rapid global convergence on normal matrices is possible
using a shifting strategy of degree O(1), just as in the case of Hermitian and unitary matrices.
In contrast, when the input is non-diagonalizable the strategy needed is “infinitely complex” and
the theorem becomes vacuous. That said, the latter situation can be addressed using an idea
from smoothed analysis [ST04] which in the context of the eigenvalue problem can be traced back
to Davies [Dav08]. In short, to obtain guarantees for arbitrary inputs, instead of running the
algorithm on the original input matrix A € C"*" we run it on A + vG,,, where vG,, is a tiny
random perturbation of A. One can then invoke results from random matrix theory (e.g. from
[ABBT18, BKMS21, BGVKS24, JSS21]), which for example imply that if Gy, is a normalized n x n
Ginibre matrix®, || A|| < 1, and v > 0, with high probability
4
ky(A+9G,) < R (5)

Certainly, this preprocessing random perturbation incurs an error in the computation (just as the
deflation step does), but if the scale of v is chosen appropriately, it will not preclude one from being
able to obtain an accurate approximate version of the eigenvalue problem. Then, putting (4) and
(5) together, in [BGVSb] we were able to show that a randomized version of the QR algorithm can
diagonalize any input matrix A € C"*" with accuracy & in O(n?log(n/J)?loglog(n/§)?) operations.

Our shifting strategy. Asin [DT71] and other works that served as inspiration (e.g. [Bat94]), we
used the lower subdiagonal entries of the iterates H; to keep track of progress towards convergence.
Specifically, to analyze the shifting strategy of degree k& mentioned in Theorem 1, we used the
potential function v which on a Hessenberg matrix H is defined as

==

Yp(H)=|Hn,n—1)Hn—-1,n—-2)---Hn—k+1,n—k)|x.

Then, as in [EH75, WG02], we used a mixed strategy consisting of a main shift and an exceptional
shift. If at time ¢ an iteration with the main shift did not satisfy that ¢y (Her1) < 8¢k (Hy) (i-e.
if progress is not being made), then our shifting strategy recomputes Hyi1, this time using the
exceptional shift, and in [BGVSa] we show that provided that xy of the input matrix satisfies the
bound (5) the exceptional shift does succeed in guaranteeing ¥y (Hy1) < .8¢i(H;). Our mixed
strategy then guarantees a geometric decrease of the quantity ¢y (H;), which in turn implies that
d-decoupling will occur after O(log(1/9)) iterations.

A final caveat. Our theoretical algorithm is not a prescription for practitioners and does not
seek to replace the current very efficient LAPACK routines, which have been fine-tuned over the

4This theorem was not stated verbatim and strictly speaking only k’s that are powers of 2 were treated in the
paper, however, the ideas in [BGVSa] yield, with very little extra work, the theorem stated here.

5That is, and n x n matrix with i.i.d. complex Gaussian entries of variance %
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decades and for which several patches have been added to avoid convergence failures. We do
warn the reader however, that such routines are by now quite sophisticated and do not come with
theoretical guarantees. This does make one wonder if there is an algorithm that is as efficient as
the existing implementations, but that is conceptually simple and for which one can give rigorous

guarantees.
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Flexible Golub-Kahan Factorization for Linear Inverse Problems

Silvia Gazzola

Abstract

Discrete linear inverse problems arising in many applications in Science and Engineering are for-
mulated as the solution of large-scale linear systems of equations of the form

AXpue + 1 =b, (1)

where the discretized forward operator A € R™*™ is large-scale with ill-determined rank, and

n € R™ are some unknown perturbations (noise) affecting the available data b € R™. In this
setting, in order to recover a meaningful approximation of x¢,e € R", one should regularize (1).

In this talk we consider variational regularization methods that compute an approximation Xee of
Xtrue a8

Xeeg = arg min [R(AX = )7+ A[Lx[g, where A0, p,q>0 RER™™ LR (2)

In the above formulation, when p = ¢ = 2, many standard numerical linear algebra tools can be
employed to approximate X,eo: these include the SVD of A (when A has some exploitable structure
and L is the identity), early termination of Krylov solvers for (1) (when A = 0), and hybrid
projection methods. We refer to [2] for a recent survey of these strategies. However, by properly
setting p, ¢ # 2, better approximations of x;y, can be obtained in many scenarios, including: when
the noise n is not Gaussian, nor white, and/or when wanting to enforce sparsity onto Lx;eg (€.g., in
the compressive sensing framework, when A is heavily underdetermined). Although many classes of
well-established optimization methods are usually employed to handle the non-smooth and possibly
non-convex instances of (2), in the last decades a number of new solvers based on ‘non-standard’
(such as flexible [1, 4] or generalized [5]) Krylov methods have been successfully considered for this
purpose; see also [3, 7]. Even though the common starting point of such ‘non-standard’ Krylov
solvers is the reformulation of a smoothed version of (2) as an iteratively reweighted least squares
problem, flexible Krylov methods for p = 2 are typically more efficient and stable than generalized
Krylov methods, while the latter can handle also the p # 2 case and many options for L.

This talk introduces new solvers for (2), based on a new flexible Golub-Kahan factorization of the
kind R B R
AZy =UppMy, ATYp = Vi Tha,

where: Upy; € R™ D and V;, € R™** have orthonormal columns u; (i = 1,...,k + 1) and v;
(i=1,...,k), respectively; Z; = [Livl, e ,LZVk], Yii = [RJ{UL .. _7RL+1uk+1]; M, € R*:+1)xk
is upper Hessenberg and Ty, € REFDXEHD js upper triangular; k& < min{m,n}. The ith

approximate solution of X;ee in (2) is defined as

xi =7Z; argHEl]iRH 1f(Tig1, My)s — cil|3 + Al[Sis]l3
s 1

where the regularization parameter ); is adaptively set, S; € R™*? is a regularization matrix for the
projected variable s, ¢; is a projected right-hand side, and f compactly denotes products and/or
sums of (possibly slight modifications and transposes of) both matrices T;y; and M;; different
choices of f and S; define different solvers. Note that Rj- and LI act as variable ‘preconditioners’
for the constraint and solution subspaces, respectively; their role is to enforce iteration-dependent
information useful for a successful regularization. Different choices of A, RZT- and L}L allow to handle
different instances of (2). Namely:

141



(a) A=[AT,LT]7, RZT = diag(I, \;I) and L;[ = I solves Tikhonov problems in general form in
the 2-norm, with adaptive regularization parameter choice strategy; this provides an alterna-
tive to the generalized Krylov method in [6].

(b) A = A, Rj =T and LI = diag(g; ' (xs-1)) (Where g4 is a function that depends on the ¢-
norm and is applied entry-wise) solves the so-called 5 — ¢, regularized problem, with adaptive
regularization parameter choice strategy; this coincides with the basic version of the method
in [1] (and can be reformulated to cover all the options in [1]).

(c) A =[AT, LT, R;r = diag(gp(R(Axi—1 — b)), Aigg(Lx;_1)) (where, similarly to g4, gp is
a function that depends on the p-norm and is applied entry-wise) and LI = I solves the
so-called ¢, — ¢, regularized problem, with adaptive regularization parameter choice strategy;
this extends the methods in [1] and provides an alternative to the generalized Krylov method
in [5]. As a particular case, setting \; = 0,7 = 1,2,... solves a p-norm residual minimization
problem.

The new solvers are theoretically analyzed by providing optimality properties and by studying
the effect of variations in Rj- and L;-r on their convergence. The new solvers can efficiently be
applied to both underdetrmined and overdetermined problems, and successfully extend the current
flexible Krylov solvers to handle different matrices R (typically the inverse square root of the noise
covariance matrix), as well as regularization matrices L whose A-weighted generalized pseudo-
inverse cannot be cheaply computed.

Numerical experiments on inverse problems in imaging, such as deblurring and computed tomog-
raphy, show that the new solvers are competitive with other state-of-the-art nonsmooth and non-
convex optimization methods, as well as generalized Krylov methods.
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Numerical Approximation of the Distance to Singularity for Matrix-valued
Functions

Miryam Gnazzo, Nicola Guglielms

Abstract

We consider matrix-valued functions in the form
d
FO) = [N A,
i=1

where A; € C™*™ and f; : C — C entire functions for i = 1,...,d. Given a regular matrix-valued
function, that is a function whose determinant det (F(\)) is not identically zero, we discuss the
problem of computing the singular matrix-valued function closest to it in the Frobenius norm. This
problem is known in literature as the computation of the distance to singularity for F(\). More
precisely, we are interested in approximating the nearest matrix-valued function F(\) + AF(N)
such that

det (F(A) + AF (X)) =0, (1)

where AF () = Zle filA)AA;, with AA; € CP*™, for i = 1,...,d. The problem of the numerical
approximation of the distance to singularity for F()) is well-known to be challenging, even for
linear cases, where it reduces to the computation of the distance to singularity for matrix pencils
[2]. Recently, the problem has gained increasing attention and numerical approaches have been
developed both for matrix pencils, as in [4], and in the case of polynomial nonlinearities, as in [3].
Nevertheless, none of the currently available techniques has been applied to the approximation of
the distance to singularity for general nonlinearities.

The solution of this problem for general nonlinearities becomes important in the context of differ-
ential algebraic equations and delay differential algebraic equations. Indeed, in this framework, the
characteristic equation associated with the differential equation has the form

det (Al — Mo+ e M5+ + e_Tk’\AkJrz) =0,

and the eigenstructure of the matrix-valued function is a crucial tool in the solvability of the delay
differential algebraic equation with discrete constant delays 7;, for j =1,... k.

As an illustrative example, indeed, we underline that in many practical cases the function D(\) =
A — Mg+ e ™ A3, in presence of a small delay 7, may be numerically singular, even in situations
where the pencil A1 — AAs is regular, leading to a severe ill-posedness of the problem. In this
setting, an a-priori computation of the distance to singularity associated with D(A) would act like
a measure for the lack of robustness of the differential equation.

A major difficulty is due to the presence of nonlinearities in the matrix-valued function, which
represents a delicate point of the problem, since a general matrix-valued function may have an
infinite number of eigenvalues. Observe that this feature of the problem does not arise when
dealing with matrix pencils and matrix polynomials, and, to our knowledge, this characteristic
may prevent the extension of the currently available methods to nonlinearities different from the
polynomial one.

In this talk, we propose a method for the numerical approximation of the distance to singularity for
nonlinear matrix-valued functions [5]. We show that the problem can be rephrased as a nearness
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problem and the property of singularity of the matrix-valued function is translated into a discrete
numerical constraint for a suitable minimization problem. Nevertheless, this resulting problem
turns out to be highly non-convex. In order to solve it, we propose an iterative procedure made
by two nested optimization subproblems, of whose the inner one introduces a constraint gradient
system of matrix differential equations and the outer one consists in the optimization of the norm
| [AA; ... AA4]||F via a Newton-like method.

We dedicate special attention to the numerical treatment of the continuous constraint (1), since a
careful translation of this condition into its discrete version is an essential step for the applicability
of our numerical approach. To this purpose, we employ results from approximation theory for
analytic functions [1].

In many practical applications, such as in the ones arising from engeneering and mechanical mod-
eling, matrix-valued functions F(\) are often endowed with additional structures. Indeed, the
coefficients A; frequently encode data coming from the underlying application: for instance, they
may represent the stiffness or damping matrix in a PDE setting. In this framework, it is important
to employ an approach with the desired feature of addressing different structures, in which case the
search of the closest singular function is restricted to the class of functions preserving the structure
of the matrices.

Nevertheless, the possibility of including additional structural constraints into a nearness problem
is not an easy task and it leads to a more challenging version of the problem. Indeed, techniques
that are able to compute the unstructured distance to singularity often can not be directly extended
to their structured counterparts.

One of the advantages of the nested approach we propose consists in the fact that it can be
naturally extended to its structured version, with minors changes, and, therefore, it is able to
tackle nearness problems with the additional constraint of structured perturbations. In the talk,
we practically demonstrate this feature of our technique, by providing a number of case studies. For
example, the method allows us to limit the perturbations to just a few matrices and also to include
individual structures, such as the preservation of the sparsity pattern of one or more matrices A;,
and collective-like properties, like a palindromic structure of the function F(\).
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Ho optimal model reduction of linear systems with quadratic outputs: from
rational function interpolation to data-driven modeling

Sean Reiter , Ion Victor Gosea, Igor Pontes Duff, Serkan Gugercin

Abstract

‘Ho optimal reduction of linear dynamical systems represents a long-lasting, worthwhile problem in
system-theoretical model order reduction. In this short note, we propose extensions of first-order
necessary conditions, both based on system Gramians and transfer functions, to the Hs problem
for the class of linear systems with quadratic outputs.

1 Introduction

Model-order reduction (MOR) refers to the procedure by which one approximates a large-scale
dynamical system, modeled by systems of ordinary differential equations, with a comparatively
lower-order surrogate model which can be used as a cheap-to-evaluate surrogate in downstream
computational tasks, such as optimization or control. In order to be an effective surrogate, the
computed reduced-order model (ROM) should recover the dominant input-to-output response char-
acteristics of the original complex system, as well as preserve qualitative features like internal struc-
tures. We refer to [1,2] for more details on system-theoretical MOR, since this category is of interest
to us.

The primary consideration of this work is the development of methods for the MOR of linear
dynamical systems which contain quadratic output functions, or linear quadratic-output (LQO)
systems. Here, we develop extensions of classical MOR approaches applicable solely to systems
with linear dynamics and linear outputs. Our contributions are threefold: First, we consider the
‘Ho optimal model reduction problem, and derive first-order necessary conditions for Hy optimality
based on rational transfer function interpolation. These provide a natural extension of the well-
known interpolation-based Ho optimality framework of Meier and Leunberger [7,8] for linear model
reduction. Based on the developed theoretical optimality framework, we propose an extension of the
well-known iterative rational Krylov algorithm (IRKA) [7] for linear Hs optimal model reduction.
Finally, we show how to compute Hs optimal reduced models using only evaluations of the linear-
and quadratic-output transfer functions.

2 Transfer functions, norms and MOR of LQO systems

In this work, we consider large-scale dynamical systems with linear dynamics and outputs which
are (up to) quadratic functions of the state vector. In state-space, such systems are formulated as

Ax(t) + Bu(t),

(1)
Cx(t) + M (x(t) ® x(t)),

g
—N—
<A
==
1

where x(t) € R™ is the system’s internal state, u(t) € R™ are the control inputs, and y(t) € R?
are the observed outputs. The system matrices satisfy A € R™*", B € R"*™ C € RP*"™ and
M € RP*"* We assume that the system in (1) is asymptotically stable, i.e., the eigenvalues of A
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to be in the left-half plane. Systems that consider quadratic observables as quantities of interest
arise in a variety of applications, and particularly whenever one is interested in observing quantities
computed as the product of time or frequency-domain components of the state [4,11].

The frequency-domain response of system (1) is fully specified by 2 rational transfer functions [4,6]:
Hi(s)=C(sI-A)"'B and Hy(s,2) =M ((sI-A)"'B® (:I-A)"'B). (2)

The first function Hj(s) is the typical transfer function of a linear-output system, and describes
the transfer from input u(t) to output yi(¢) := Cx(t), which is linear in x(¢). The second bivariate
function Ha(s, z) the transfer from input u(t) to output yo(t) := M (x(t) ® x(t)), which is quadratic
in x(¢). The H2 norm for systems of the form (1) can be defined via these transfer functions as [4,5]

1 o0 . 1 [e.9] o0 . .
IS5, =5 [ (i) |Fdw + 5 [ (w1, s ) |[F e dws. 3)
27 (2m)

We note that when M = 0, it implies that H(s,z) = 0, and the formula above simplifies to the
first integral term only, which is the standard formula as used in [7].

In practical applications, the state dimension n can be rather large, e.g., in the order of the millions,
and any repeated action involving the full-order model (FOM) (1) becomes prohibitively expensive.
Model reduction seeks to remedy this problem with the construction of cheap-to-evaluate surrogate
models having the same form as (1), but described by a comparatively much smaller number of
differential equations. Mathematically, this amounts to computing a system

Bu(1),

s {f(ﬂ = Ax() + Bu(h, "
¥(t) = CX(t) + M((t) @ X(t)),

with a significantly reduced dimension 1 < r < n. X(t) € R" contains the reduced-order state
variables, and y(¢t) € RP are the approximateds output. The reduced-order matrix operators
satisfy A€ R™>T B e RT>m Ce RP*" and M € RP*™. In order to be an effective surrogate,
the reduced model (4) should replicate the input-to-output response characteristics of the large-
scale system (1). In order words, for a given tolerance 7 > 0, the output deviation should satisfy
ly — ¥|| < 7|lu|| in an appropriate norm for a range of admissible inputs u.

Suppose that one is interested in controlling the L&, or “worst case” deviation in the output
ly = ¥llzz, := supsso [|[y(t) — ¥(t)lco- Significantly, one can show following error bound [4]:

~ S 1/2
Iy =5z, <12 = Elee (ullzp + lue u||2£nz) . ()
In other words, the Hs model error bounds the L5 output error. Based on the bound (5), we
consider the Hg optimal model reduction problem for the LQO system class (1). Given the system

in (1), find a ROM such that

. =~ —~ o B -

3 One main result

We follow here the results in [9]. To simplify the approximation problem, we assume the approxi-
mate system in (4) has simple poles. Then, the reduced-order linear- and quadratic-output transfer
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functions can be expressed in pole-residue form:

T i[bT ~ . (b @b)"
Hl(s)zz Ci0 and Hy(s,z) = mvk( j @ k) , (7)

where by, € C™, and ¢, € CP,mj;;, € CP, for all j,k = 1,...,7. We define ci[b;!— € CP*™ and
m; x(b; @ b;)T € CP*™* to be the residues of H,(s) and Hy(s, z) corresponding to A; and (A, A),
respectively. We are able to show that

IS =SB, = 1513, —2 | Do el Hi(=A)bi + > > m] Ha(=X;, =) (b @ by) | + [[Z[5,- (8)
i=1 j=1k=1

This makes the Ho optimal model reduction problem tractable by minimally parameterizing the
ROM in (4) in terms of the transfer function poles and residues.

Theorem 1 Suppose that S has simple poles A1,..., A\ € C_, and is a local minimizer of the
squared Hay error || — E||%{2. Then, for all 1,7,k =1,...,r, it holds that

0= (Hy(-\) - Fu(-\) ) b,
0= (HQ(—)\]-, ) — Ha (=), *)\k:)) (b; ® by),

0= o (Hi(=A) = Ha(=2)) + > ml, (Ha(=Ap, —A) — Ha(= A, =) ) (T @ by)

r /=1

+ > ml (Ha(=Ae = M) = Fa(=Ar, =A) ) (Be & L),
=1
0= CDT iHl(—)\k) — iﬁl(—)\k) [bk + i mT ng(—)\k —Ag) — iﬁg(—)\k —A@) ([bk & [bg)
k\ ds ds — kL \ D8y ’ 0s1 ’
: ) 0 =
-

+ ; my g, <882H2(—>\£7 —A) — @Hz(—)\e, —)\k)) (by @ by) .

In other words, tangential interpolation is a necessary condition for Hs optimality. We also note that
when M = 0, it implies that the formulae above simplify accordingly to the standard interpolation-
based FONC’s for classical linear systems, as in [7,8].

4 Summary of all proposed results

Based on the bound in (5), we have considered the Hy optimal model reduction problem for the
class of systems in (1). We went about this in two different ways, corresponding to two types of
FONCs, namely for the first one mentioned earlier introduced in [8]. Then, for the second, e.g., the
Gramian-based FONCs as introduced in [13], we analyzed it in [10].

Our contributions to the interpolation-based formulation are threefold:
A. First, we derive interpolation-based first-order necessary conditions for Hs optimal model re-
duction. These amount to tangential interpolation of a weighted sum of the transfer functions

in (2), and generalize the analogous optimality conditions for linear Hs model reduction. We
show how to enforce these conditions in the construction of the ROM using projection.
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C.

. Secondly, we show that these conditions are equivalent to the Gramian-based Ho optimality

conditions for LQO systems as in (1).

Thirdly, we propose an extension of TF-IRKA in [3] to systems of the form (1). The algorithm
enforces the necessary Ho optimality conditions at every step and produces locally Hs optimal
approximants upon convergence. Additionally, at every step, the matrices of the ROM are
computed solely in terms of data, i.e., samples of the two transfer functions in (2).

Due to space limitations, we are not able to go into a detailed analysis of the results concerning
Gramian-based FONCs, as presented in [10]. In short, we derive gradients of the squared Ha system
error with respect to the system matrices of the LQO-ROM as parameters. The stationary points
of these gradients directly yield Gramian-based FONCs for Ho optimality. These results generalize
the analogous Gramian-based FONCs for linear Hs optimal model [12,13] to the LQO setting. We

also

show that a Hs optimal LQO-ROM is necessarily defined by Petrov-Galerkin projection. The

relevant projection matrices are obtained as solutions to a pair of Sylvester equations.
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Towards Efficient Algorithms for Approximately Solving (Overdetermined)
Systems of Polynomial Equations

N. Govindarajan, R. Widdershoven, L. De Lathauwer

Abstract

We revisit the age-old problem of solving a system of multivariate polynomial equations. This
problem can be viewed as a simultaneous generalization of solving linear systems and finding roots
of univariate polynomials. It is well-known that the aforementioned special cases have widespread
applications in science and engineering. It should come as no surprise that the same is true about
the more general version of this problem. This is particularly the case in the noisy overdetermined
setting, which extends the familiar engineering notion of solving a system of linear equations in a
“least-squares” fashion to the polynomial case.

Classically, solving a system of polynomial equations belongs to the field of computational algebraic
geometry. The literature advocates two major approaches to the problem. The first approach
involves homotopy continuation, where the roots of the desired system are found by continuous
deformation of a starting system for which the roots are already known. The second approach,
which is more in line with our work, reduces the problem to an eigenvalue problem. The algebraic
approach has its origins in resultant theory, tracing back to original contributions by B’ezout,
Sylvester, Cayley, and Macaulay. The main idea behind this line of attack is to unveil the structure
of the quotient algebra of the ideal generated by the polynomial system. Solutions of the system
are subsequently extracted from the eigen-structure of the generated multiplication tables [1].

Up to this point, the literature has primarily focused on the noiseless square case. Herein, it is
assumed that the coefficients of the polynomials are known with full precision and the number of
equations equals the number of unknowns. On the contrary, a critical component of engineering
applications is the estimation of system parameters from an overcomplete set of equations corrupted
by noise. In the case of linear systems, numerical linear algebra already provides effective methods
to deal with such problems. Analogous methods to treat the more general polynomial case are,
however, far fewer, and relatively underdeveloped.

Our work hopes to fill this gap by taking a fresh perspective on the problem. The cornerstone
of our proposed framework is the (tensor-based) Macaulay method [4]. This method rests on the
idea that a basis for the quotient algebra can be formed by computing a numerical null space of
a resultant map. The classical Macaulay matrix, which generalizes the Sylvester resultant matrix
of two univariate polynomials to the multivariate case, is a canonical example of such a map. The
fact that the null space is obtained through numerical means is an essential ingredient in enabling
the solvability of polynomial systems in an approximate sense [5].

This core key feature of the methodology is best explained through an example. Suppose that one
wants to solve the overdetermined linear system

-3 -1 -2 1 0
—21-1 1 z | =10
1 7 1 Y 0

in a total least-squares sense. As it is well-known, the solution is trivially found by retrieving
the smallest right-singular vector of the matrix on the left-hand side of the expression. Since
the corresponding singular value is strictly positive, the right-singular vector (after normalization)
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will only yield an approximate solution of the system. Interesetingly, a similar strategy may be
employed to find approximate solutions for polynomial systems. For example, the overdetermined
polynomial system

© 1

) [ =3 -1 2|4 6 7 r
may) | —2|-1 13 -7 5| |- |=1|0 (1)
pszy) | 1|7 1]-8 3 1 v

Ty

L v
has an exact solution at (x,y) = (1,0), which is also the only solution of the system. This single
solution disappears under small perturbations of the coefficients, but one can still view (z,y) = (1,0)
as an approximate solution of the noise-perturbed system. After all, the Vandermonde vector

evaluated at this point, i.e., [1 1 01 0 O] , is still an approximate null vector for the noise
perturbed matrix. It can therefore be subsequently used to derive approximate solutions.

Unlike the linear system, there are several complications that one has to treat in the polynomial case.
Firstly, the existence of other artificial null vectors in (1) make the retrieval of the Vandermonde
solution vector impossible. This first complication is resolved by adding additional equations to
the system:

mew) [-3|-1 —2/4 6 7]0 0 0 07| [0
pey) | =2|-1 1[3 =7 5|0 0 0 0 v 0
psey) | 1|7 1]|-8 3 1/0 0 0 0 g 0
wpiy) | 0 |—3 0 |—1 —2 04 6 7 0 N 0
apa(ey) | 0 |=2 0|1 1 0[3 -7 5 0 Wl=1o
msy) | 01 07 1 0[-=8 3 1 0 g 0
yi@y) | 0| 0 -3|] 0 -1 2|0 4 6 7 : 0
ypy) | 0] 0 —2/0 -1 10 3 -75]||" Y 0
wszy) L OO 10 7 1|0 -8 3 1] z?g L 0 ]

The above matrix presents an example of a Macaulay matrix at a certain degree. This Macaulay
matrix contains the Vandermonde Vector
[1]1 0/t 001 00O0]

as the only null vector up to scaling ambiguity. Secondly, a polynomial system can, in general,
admit multiple solutions. Consequently, the numerically obtained (approximate) null basis will
not be immediately in Vandermonde form. This second complication is resolved by performing
an additional unmixing operation to retrieve the Vandermonde basis. This Vandermonde basis
reconstruction can be viewed as a multi-dimensional harmonic retrieval problem [3], and can be
effectively solved by computing a canonical polyadic decomposition of a tensor formed from the
obtained null space basis [4].

In general, solutions for a polynomial system can be determined in two computational steps: (i)
compute the null space of the Macaulay matrix, and (ii) compute a polyadic decomposition of a
tensor to retrieve the solutions. In the case of overdetermined systems that only possess a handful of
solutions, the first step is a major computational bottleneck. Macaulay matrices grow very rapidly
in size for even moderately-sized polynomial systems. This makes the null space computation
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prohibitively expensive. To get an impression of the complexity, a polynomial in N variables of
degree D contains (N ;\“,D ) monomial terms. The Macaulay matrix at degree Dpaec > D of S such
polynomials is the matrix that is constructed from the polynomial coefficients of the system {ps}sszl

such that its rows span the set of polynomials

S
{p = Z hs - Ds - deg(p) < Dmac} . (2)
s=1

Both the numbers of rows and columns of this matrix grow combinatorially in size with respect to
Dpac, D, and N.

Fortunately, the Macaulay matrix is highly structured. In the monomial basis, the Macaulay
matrix possesses multilevel Toeplitz structures. It also has recursive properties, and in certain
cases, the matrix can be highly sparse. Furthermore, the Chebyshev variant of the Macaulay
matrix is multilevel Toeplitz-plus-Hankel. Subsequently, much of our research has been dedicated
to developing efficient null-space computation algorithms that exploit the structures in the matrix.
Our efforts in this area have led to some interesting work; some of which is still ongoing research:

1. In [2] we considered exploiting the low-displacement rank structure of the Macaulay matrix
to compute the null space through a rank-revealing LU factorization using the Gohberg-
Kailath-Olshevsky (GKO) algorithm. Although this approach reduced the memory and time
complexity of the null-space computation significantly, the savings do not scale well for poly-
nomial systems in many variables.

2. In recent (almost completed) work [6], we introduced an alternative approach that exploits
the shift structure of the Macaulay matrix in a different way. This method scales more
gracefully with the number of variables. The method relies on computing the null spaces of
nested subblocks of increasing size by using the fact that the same subblocks are repeated
throughout the Macaulay matrix and that the null space of two stacked (block-)rows equals
the intersection of their individual null spaces.

3. Currently, we are also investigating an approach to compute the null space with a Krylov-
based iterative technique. This option seems to be particularly attractive for overdetermined
systems that only have a few (approximate) solutions. This is because, in this case, the
Macaulay matrix will have a relatively small (numerical) null space. In the monomial basis,
the Macaulay matrix has fast matrix-vector product with the help of fast Fourier transforms.
Interestingly, one can also obtain a fast matrix-vector product for the Macaulay matrix in the
Chebyshev basis using fast cosine transforms. A big challenge is to make the Krylov-based
method converge in a reasonable number of iterations. Finding good preconditioners may be
essential.

At the Householder Symposium, our goal is to share this research with our colleagues.
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When is the Resolvent Like a Rank One Matrix?

Anne Greenbaum, Abbas Salemi, Faranges Kyanfar

Abstract

For a square matrix A, the resolvent at a point z € C is defined as (A — zI)~!. Tt was observed
in [2] that for certain matrices A with ill-conditioned eigenvalues the resolvent is close to the rank
one matrix o1 (z)u;(2)v1(2), for a wide range of z values, where (%) is the largest singular value
of (A — 2I)~! and u;(z) and v;(z) are the corresponding left and right singular vectors. Moreover,
for a slightly smaller range of z values, u1(z) and v;1(z) are almost orthogonal to each other. Here
we provide a partial explanation for this phenomenon.

The distance in 2-norm from (A — zI)~! to the nearest rank one matrix, oy(z)u;(z)v1(2)?, is
02(2), the second largest singular value of (A — zI)~!, and one might define the relative distance
as 09(2)/||(A — 2I)7L||2 = 02(2) /o1(2). Given € > 0, we are interested in

{z € C:09(2)/01(2) < €}. (1)

Recall that the e-pseudospectrum of A can be defined as [3]:
{zeC:1/01(2) < €}. (2)
If it turns out that o9(z) ~ 1 throughout the e-pseudospectrum, then these two sets may look very

similar. Indeed, the plots in [2] look much like pseudospectra.

To study this phenomenon, we will work with the matrix A — zI, whose singular values are the
inverses of those of (A—2zI)~! and whose right and left singular vectors are the left and right singular
vectors of (A —zI)~1. If 5,(2) and s,,_1(z) denote the smallest and second smallest singular values
of A — zI, then we are interested in the ratio s,(z)/sp—1(2).

The following theorem and corollary are proved in a paper currently in progress [1]:
Theorem. Let A be a simple eigenvalue of A and let Ag := A — M\ = USVH be a singular

value decomposition of Ay, where U := [uy,...,up], V := [v1,...,v,], S := diag(s1,..., Sn-1,0),
§1>...>8,-1 > 0. Let Ag denote the Moore-Penrose pseudoinverse of Ag:

Al =V, 571U (3)
where U,—1 = [u1,...,up—1], Vo1 = [v1,...,0n—1], and S, 1 := diag(sy,...,sp—1). For each
k=1,2,..., the smallest singular value of Ay — zI is less than or equal to

k . .
S 12l [l (ADY o] + |2 sk (4)
j=1

Taking k£ = 1 in the theorem, we obtain the bound
sn(Ag — 2I) < |ullv,| 2] + 12 /sn_1.

If X is dll-conditioned, it means that the inner product of the left and right unit eigenvectors of
A corresponding to eigenvalue A is tiny, but these eigenvectors are the same as the left and right
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singular vectors u, and v, corresponding to the zero singular value of Ay. In this case, if also
$p_1 ~ 1, then s,(Ag — zI) grows more like |z|? than like |z| for |[ufv,| << |z| << 1. If u, is
also nearly orthogonal to Agvn, then taking k = 2 in the theorem suggests that the growth rate of
sn(Ag — zI) with |z| may be more like |z|, and the more powers j for which |u£{(Ag;)jvn| is small,
the higher the power of |z| describing the growth of s, (Ao — 2I), for |z| << 1. If the absolute value
of z times each eigenvalue of AE[) is less than one, then the first sum in (4) will converge to a finite
value as k — oo, and for |z| < s,_1, the second term in (4) will go to 0 as kK — oco. In this case,
the smallest bound may be obtained by taking & = co

Although we are not yet sure how to interpret the conditions that |ulf (Ag)j vn| be small, these
conditions seem to be satisfied by many test problems with ill-conditioned eigenvalues, such as
those available through the ’gallery’ command in MATLAB and many in [3].

Corollary. With the notation and assumptions of the previous theorem, let € € (0,1) be given. The
region where the ratio of the second largest to the largest singular value of the resolvent (A — zI)~!
is less than € contains the set of points z € C such that |z — A\| < s,,—1 and

Lin [Z |z = A |l (A5 on] + |z — A\’““/Sﬁ_ll [(sn-1 =]z = Al) <e (5)

The e-pseudospectrum of A contains the set of points z € C such that

k=1,2,...

k
min {Z |z = APy (ADY ™ on] + |2 = A!"”“/Sﬁ_l] <e (6)
j=1

This corollary defines disks about each eigenvalue that are known to lie within the regions defined
in (1) and (2). In our numerical tests, they are not far from the largest disks about the eigenvalues
that are contained in these regions.

We will report on these results, as well as some results obtained by differentiating the singular
values and vectors of A — z1.
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Randomization techniques for solving eigenvalue problems

Laura Grigori, Jean-Guillaume de Damas
Abstract

In this talk we will discuss randomization techniques for computing a few eigenpairs of a large,
sparse, non-symmetric matrix A. We consider Krylov subspace methods and the Rayleigh-Ritz pro-
cess that relies on projection onto the Krylov subspace KCp (A, v1) = span{vy, Avy, A%vy, ..., AF 1y}
formed after k iterations for a given starting vector v;.

Randomization for Krylov subspace methods was introduced in the recent years, in particular for
solving linear systems of equations [1, 7, 8]. Randomized Arnoldi introduced in [1] relies on a
randomized orthogonalization process that produces a well conditioned basis of the Krylov sub-
space and thus can be efficiently used in a randomized version of GMRES. It is shown in [1] that
randomized GMRES is quasi-optimal since it relies on solving a sketched least squares problem to
minimize the residual and obtain a new solution. A different approach consists in using sketching
independently of the construction of the Krylov basis, as in sketched GMRES [7], or sketch and
select [5]. Restarting in the context of linear systems is discussed in [2, 6].

We first discuss the usage of randomization for orthogonalizing a set of vectors that are of very
large dimension. This operation that occurs in many computations is very often the bottleneck in
terms of communication. Indeed, when the vectors to be orthogonalized are distributed over many
processors and are obtained one by one as in Krylov subspace methods, the orthogonalization of
each vector with respect to the previous ones requires synchronizing all processors, and this hinders
drastically the scalability of a parallel algorithm. Two different methods are in general used. The
first one is classical Gram-Schmidt (CGS), which requires one synchronization to orthogonalize a
new vector against the previous ones and thus can be considered to be efficient, but suffers from
numerical stability issues since it depends quadratically on the condition number of the vectors.
The second one is modified Gram-Schmidt (MGS) which has better numerical stability with linear
dependency on the condition number, but is inefficient since it relies on vector-vector operations and
requires j synchronizations for orthogonalizing a new vector against the previous j orthogonalized
vectors. Householder QR is a highly accurate process for orthogonalizing a set of vectors, but is in
general used for orthogonalizing a set of vectors that are given all at once.

Several different algorithms have been introduced in the literature, as randomized Gram-Schmidt
[1] and randomized Householder QR [4]. The main idea is to use randomization to sketch the
vectors that need to be orthogonalized, obtain a smaller problem for which a highly accurate
orthogonalization algorithm can be used as Householder QR, and then use the orthogonalized
sketch vectors to obtain a well conditioned basis for the vectors of very large dimension. This
approach is suitable for the usage of mixed precision, since after the random projection, a smaller
problem is obtained that can be solved in higher precision. This leads to obtaining a basis for the
Krylov subspace whose sketch is orthogonal, but not the basis itself. We will discuss in particular
a reorthogonalization process that allows to improve the stability of randomized Gram-Schmidt.

We then discuss the usage of such an orthogonalization process that produces a well conditioned
basis within an eigenvalue solver, that leads to a randomized Rayleigh-Ritz process. We introduce
the randomized Implicitly Restarted Arnoldi (randomized IRA) method, that relies on a sketched
orthonormal basis and a restarting scheme that allows to seek a specific subset of eigenpairs of a
non-symmetric matrix A. We provide a theoretical analysis that shows that some of the results
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defining the convergence behavior of IRA hold for randomized IRA, up to a factor of 14 O(e) and
with high probability. More details can be found in [3].

Finally, we will discuss one of the challenges that arises when using randomization for symmetric
matrices, that is related to the fact that randomization destroys symmetry. Thus the Hessenberg
matrix associated with the Arnoldi process is not symmetric as in the case of deterministic methods.
We discuss implications and possible solutions to this problem.
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Subspace accelerated contour integration methods for eigenvalue problems

Luka Grubisié
Abstract

In this talk, we will present a class of adaptive approximation methods for computing the partial
solution of eigenvalue problems. We will concentrate on algorithms which are matrix-free in the
sense that they treat a matrix A, or its shifted inverse (z — A)~!, as a mapping A : x — Az, and
(z—A)~t: 2z (2 — A)~lz, respectively. We present a Beyn-type eigensolver (see [1]) accelerated
by the use of adaptive reduced-order model of the matrix resolvent. As prototype examples, we
will consider both linear as well as nonlinear (in the spectral parameter) eigenvalue problems. In
particular, we will study examples from thermoacoustics applications [14].
In the interest of clarity, let us first concentrate on the standard linear eigenvalue problem for a
diagonalisable matrix A. When the resolvent is given as a mapping (z — A) ™! : # + (2 — A) "1z, one
has to incorporate the inexactness (due to the approximation truncation) of the evaluation of this
mapping into an analysis. This is a known and structurally challenging problem in the theory of
Krylov-type solvers [10, 16]. An alternative approach is to transform the problem of approximating
the eignvalue cluster enclosed by the finite contour I' into an eigenvector problem for the spectral
projector Pr
N

Pr = o /F(z — A Vdz ~ Ty := ;wi(zi - AL
One can then apply the standard subspace iteration to extract eigenvector information using the
approximation

N
1 _ _ )
xjHprj:Tm/F(z—A) Lo, dzzg wi(zi— A lay, j=1,---,d
i=1

For this talk we choose not to discuss the implications of embarrassing paralelism (in terms of
sampling the resolvent with respect to the spectral parameter z; and vectors ;) on the evaluation
of the action of Pr.

We will loosely call this approach interpolatory and nonintrusive. Namely, to produce a reliable
eigenvalue/vector approximation method, one only needs a solver for the shifted system (z,z) —
(2 — A)~!z as a black box, but with an error estimate and error control. The projection Pr is
a dense, but low-rank matrix. The dimension of its range equals the joint algebraic multiplicity
of the eigenvalues enclosed by the contour I', denoted by #I'. The problem of computing an
orthonormal basis of the eigensubspace associated with the enclosed cluster of eigenvalues can now
be reduced to the calculation of the SVD of a large implicitly defined matrix Pr of low rank. This
orthonormal basis can then be used to construct a small auxiliary spectral problem from which
eigenvector/eigenvalue information can be directly and robustly extracted (not the topic of this
talk). Randomized SVD has distinguished itself as a method of choice for analyzing approximate low
rank matrices. It has been studied in many settings, including its infinite-dimensional incarnation
[13, 3, 2], which is suitable for the study of numerical methods applied to discretizations of partial
differential operators in physics and engineering. Note that in our notation the randomized SVD
algorithm for Iy ~ Pr starts with the random draw of the interpolation directions z;, j =1,---,d
for d > #I' 4+ 2. Here we assume that x; have been drawn appropriately, [2].

157



The nonintrusive nature of contour integration methods is the reason for inclusion in SLEPc or even
as Extended Eigensolver Routines in the Intel MKL library. This is the easiest way to incorporate
any monolithic solver for the shifted system into an eigenvalue/eigenvector approximation routine.
Large-scale matrices in NLA are typically discretizations of partial differential operators, and the
use of contour integration approach allows more flexibility to seamlessly incorporate various dis-
cretisations of the shifted system (called in the engineering jargon the Helmholtz solvers). These
include rectangular approximations of the resolvent such as those from [8] used in chebop object or
the Discontinuous Petrov Gelerkin approach which also leads to rectangular approximations of the
resolvent [11, 9, 7].

Based on the (infinite-dimensional) randomized SVD for Hilbert—Schmidt operators, an extension
of Beyn’s contour integration method for operators in Hilbert spaces has been described in [5]. The
key ingredient, encapsulated in the phrase solve than discretize, is adaptive error control for the
Helmholtz solver. Pushing discretization by adaptivity to the later stage, the randomized part of
the algorithm gives us means to explore the Hilbert space more broadly and generate an accelerating
subspace with better candidates for eigenvector approximations.

The use of advances in the rational function approximation problem in the context of the solution of
the spectral problem has been thoroughly analyzed, in a slightly different context, in [6]. To coarsely
assess the performance of this method, consider a finite difference discretization of A = —A — V,
V > 0, with Gaussian potential V, ||Vl < oco. Using the MATLAB toolbox SpecSolve! on a
computer with 10 cores, it took 104 seconds to approximate the spectral density in the interval
[—]| V|00, 0] with tolerance £ = 0.05. In comparison, MATLAB eigs on the same machine applied to
a 10* x 10* discretization computed all eigenvalues in the same interval within 0.5 seconds. Apart
from the further use of obvious embarrassing parallelism in the sampling of the resolvent, a speedup
can be achieved by exploiting the product structure in the construction of random vectors [4] (not
this talk) or by speeding up the evaluation of the resolvent using subspace acceleration [14] (this
talk).

As prototypes, we will consider a large class of (nonlinear) eigenvalue problems which are defined
by the generalized resolvent

R(Z) = (AO + fl(Z)Al + o+ fs(z)As)il

with self-adjoint coefficients A;, ¢ = 0,...,s and scalar functions f;, i = 1,...,s. We will present
an analysis and improvements of the method described in [14] which uses subspace acceleration
together with reduced-order interpolatory modeling of the nonlinear resolvent R. Our method
will be cast within the context of scientific computing with particular emphasis on problems in
thermoacoustics. We will discuss the comparison of the performance of the contour integration
method with the performance of the method based on the direct rational interpolation of the
resolvent and the application of the rational Arnoldi to its linearization [15, 12]. Finally, we will
present a general analysis of the randomized SVD algorithm for operators of the form

F(A0+V)+W.

Here r is a rational function approximation of an indicator function, Ay is self-adjoint and positive
definite, potential V is relatively compact with respect to Ap, and we use functions of Ay to
construct a Gaussian kernel for random sampling. Finally, W (not necessarily self-adjoint) is a
small bounded operator presenting the errors caused by adaptive discretization.

https://github. com/SpecSolve/SpecSolve
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Separable Low-rank Barycentric Forms in the p-AAA Algorithm

Linus Balicki, Serkan Gugercin

Abstract

Rational approximation is a powerful tool for capturing the behavior of functions which have
singularities on or near a domain of interest. This circumstance makes rational functions ubiquitous
in fields such as signal processing, model reduction, and partial differential equations. In recent
years the adaptive Antoulas-Anderson (AAA) algorithm [2] has established itself as a successful
method for computing rational approximations from a set of sampled data. Our recent work [3]
introduced the p-AAA algorithm, extending the original AAA framework to multivariate functions.
In order to allow for a clear presentation, we first discuss the two variable case, where the goal is
to approximate a function f : C2 — C. In this case, p-AAA is given a set of samples

F = {f(xl,l’g) | xr1 € Xl, X9 € Xg} cC
with the corresponding sampling points
Xi = {XH, . 7X1N1} C C and Xy = {X21, .. .,X2N2} C C,

where X;; denotes the j-th sampling point of the i-th variable. Then the goal is to approximate
this data via a rational function represented as a multivariate barycentric form, i.e.,

ny  n2 ni n2

AL LML) 1112 5 2175 22 1112
vl w2) = xl x2 Z Z - e ZZ 1—51: (w2 — Eaiy) o

_ To —
i1=112= 1 o1 51“ 2 522 i1=11i2= 1

where a4, # 0. We note that r is interpolatory in the sense that
r(zi,z2) =f(x1,22) for x; €& and x3 €&y,

where

£1 - {5117"' 76177,1} CX; and 52 - {5217"'752712} C Xo

are the respective sets of interpolation nodes. Similar to before, §;; denotes the j-th interpolation
node of the i-th variable. The p-AAA algorithm follows an iterative procedure to choose the
interpolation nodes as well as the matrix of barycentric coefficients

n1 %Ny s .
acC" ™ e, afil,iz) = i,
Each iteration consists of first performing a greedy selection where we determine

(x],25) = argmax |r(x1,ze) — f(x1,z2)] (2)
(z1,22)eX1xX2

and update the interpolation sets via

§i & U{ar} and £ U {3}

As a second step, the barycentric coefficients are computed by solving a linear least-squares (LS)
problem of the form

| H”Hn Iz vee(a) |3, 3)
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where Ly € CN1N2xnin2 ig the 2D Loewner matrix. The LS problem above arises as the minimization
of the approximation error

N1 N

DD (X, Xaiy)— v(Xuiy, Xai,)|* =

11=1142=1
N1 No

i1=112=1

2
(d( X1, Xoip ) F( X4y, Xoip) — (X4, Xoiy))| s

Xll1 ) XQZQ)

which is linearized by dropping the 1/d(X1;,, X2;,) terms. In other words, the linearizd LS problem
minimizes the expression

N1 N»
Lo vee(a)[l5 = > > 1(d(Xuiy, Xai, ) (X1iy , Xai,) — n(X14,, Xoiy))[

i1=1142=1

This procedure is repeated until the approximation error indicated in (2) drops below a desired
error tolerance. Solving the LS problem in (3) is the dominant cost of p-AAA and is done via a
singular value decomposition of L. More precisely, (3) has a closed form solution which is given
in terms of the right singular vector of Ly which corresponds to the smallest singular value.

While we only outlined the two variable case so far, the algorithm can easily be formulated as an
approximation procedure for functions f : C¢ — C that depend on d > 2 variables. The key adjust-
ments that need to be taken into account are that the multivariate approximant r(x1,xa,...,2q)
will depend on a tensor

a € CmxXnd (4)

of barycentric coefficients (rather than a matrix) and the p-AAA LS problem will be based on the
higher-order Loewner matrix Ly € CNvNaXnina Ip this case solving this dense LS problem via
SVD requires O(Ny -+ Ngn3 - - - n?i) operations and thus computing « or even forming LL; may be-
come an infeasible task. We note that this growth in complexity is a common issue in multivariate
approximation algorithms and is typically referred to as the “curse of dimensionality”. While there
exist approaches to overcome these obstacles in multivariate function approximation (e.g., sparse
grids, radial basis schemes), we focus here on a method that leverages a separable representation
of the denominator d of the rational approximant r. As we will point out in the following, such a
representation is directly connected to low-rank representations of higher-order tensors and allows
for partially overcoming the curse of dimensionality associated with the p-AAA LS problem.

In order to introduce our proposed approach, we consider a canonical (CP) [1] decomposition of
the tensor « in (4) which we write in its vectorized form as

vec(a) = @+ @ By € C,

where §;p € C™ for £ =1,...,r. The matrices 51 = [511,. .., 51r] € C"*" .., Ba = [Bat, - - Bar] €
Cnd*" are called CP factors and the smallest r for which such a decomposition exists defines
the tensor rank of . The CP decomposition is particularly useful if it is able to represent (or
approximate) o with a small number of terms r < ny,...,ng. In this case the storage requirement
for the CP factors is merely O(r(ni + - -+ + ng)) rather than O(n;g ---ng) for the full tensor. We
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propose to take advantage of this reduction in the degrees of freedom in the representation of «
within the p-AAA algorithm.

To make this idea more clear, we revisit the two variable case. There the CP decomposition is
analogous to a rank-r outer product representation given by

Q= ,316;, (5)

Plugging this representation for « into the denominator in (1) gives the separable representation

d(z1, 19) = ET: i (Bie)iy f: (Bae)i
’ S \iom ) e )
where (B1¢)i;; € C is the i;-th entry of the vector 51y, € C™ and (By)i, € C is the is-th entry
of the vector By € C™. Our main idea for incorporating such separable representations and the
associated low-rank decomposition for the barycentric coefficients into the p-AAA algorithm is to
add the decomposition introduced in (5) as a constraint to the LS problem in (3). In this case we
obtain the LS problem

2

min s.t. =1. 6
B1,82 ( )

2

T
Ly B ® Ba
=1

> B ® B
=1

2

We introduce the matrices
Kp, = [B11 ® Ing, -, Brr @ In,| € C™"X™7 and - Kg, = [In, @ Pai, ..., Iny @ Por] € C1m27MT,
as well as the contracted Loewner matrices

Lg, :=LoKg, € CNMN2Xm2r and  Lg, := LoKs, € CNN2xmr

which allow for writing the constrained LS problem in two distinct ways

min L, vee(B)[3 st. K vee(B)ll, = L (7)
min (L, vee(@)[3 st K vee(a), = 1. (8)

We note that if one of the factors 51 or By is fixed, the other one can be obtained by solving an
equality constrained LS problem based on the formulation above. In this case, these linear LS prob-
lems have a closed form solution in terms of the generalized SVD [4] of the matrix tuple (Lg,, K3,)
or (Lg,, Kga,), respectively. Hence, the constrained LS problem in (6) has a separable structure
which can be tackled via an alternating least-squares (ALS) procedure. In this procedure, we start
with an initial guess for 51 and [32, then repeatedly solve the problem in (7) while keeping o fixed,
and the problem in (8) while keeping f; fixed. This ALS approach requires O(NyNaor?(n? + n3))
operations which corresponds to the cost of computing the generalized SVDs. While this change in
complexity may only have a small impact in the two variable case, it can be critical when moving
to d > 2 variables where ALS requires O(Ny - - - Ngr®(n? + - - + n?)) operations. Additionally, we
note that the contracted Loewner matrices can be assembled efficiently by exploiting the Kronecker
structure present in Ly. These facts make it appealing to combine p-AAA with a separable repre-
sentation for the denominator d.
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We conclude this abstract by considering a simple example where our proposed low-rank version
of the p-AAA algorithm yields a high-fidelity rational approximant, while the standard p-AAA
algorithm runs out of memory on our machine during the construction of the Loewner matrix ILg.
Specifically, we consider approximating the function

£(21, 29, 3,74, T5) = T1+ T2+ T3 + T4 + Ts
D23 ST 10 4 sin(ay ) + sin(ag) + sin(as) + sin(zg) + sin(as)

on the domain [—3,3]°. For each variable we choose the same sampling points corresponding to
20 linearly spaced values in the interval [—3,3]. We run the proposed low-rank version of p-AAA
and enforce a rank r = 1 constraint on the coefficient tensor «. After 6 iterations the relative
maximum approximation error over the sampled data is approximately 8.514 x 1072 and p-AAA
chose 6 interpolation nodes for each variable. The standard p-AAA algorithm does not make it
past the third iteration on our machine, due to running out of memory. Note that in this example
the memory requirement for L5 is around 24.4 GB in double precision once 4 interpolation nodes
are chosen for each variable. In order to evaluate the quality of the computed approximation for
unsampled data, we validate r on a set of samples obtained by sampling 50 linearly spaced points
n [—3,3] for each variable. The maximum relative error on this validation set is approximately
8.704 x 1073, which closely matches the maximum error on the training data set.
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Robust Hierarchical Matrix Approximation from Sketches

Diana Halikias, Tyler Chen, Feyza D. Keles, Cameron Musco, Christopher Musco, David Persson

Abstract

Sketching is a tool for dimensionality reduction that lies at the heart of many fast and highly
accurate “matrix-free” algorithms for fundamental tasks such as solving linear systems and eigen-
value problems, low-rank approximation, and trace estimation. Broadly, to solve a problem in the
sketching model, one only queries a matrix of interest A € R™*™ with relatively few matrix-vector
products  — Az and y — ATy, as opposed to accessing and working with A’s individual entries.
The sketching model is increasingly prevalent in numerical linear algebra for three reasons. First, A
may be unknown and accessible only via sketching. Second, even if A is known, it may be too large
to operate on or fit in memory. Finally, many matrices that arise in applications exhibit structure
that enables fast matrix-vector products.

Hierarchical matrices are one such matrix class that frequently arises in practice. These matrices
exhibit low-rank structure away from the diagonal, which represents the smoothness of long-range
interactions between points in a discretized domain. Shorter-range interactions are treated recur-
sively, as they are subdivided into finer domains over which the matrix is approximately low-rank
again. This structure has been exploited in a variety of applications, including fast direct solvers for
differential and integral equations, discretizations of boundary integral operators, preconditioners,
and even infinite-dimensional operator learning. Below, we define H € R™*™, a hierarchical matrix
with 3 levels of partitioning. FEach off-diagonal block is given by a rank-k factorization.

Hyy W37
wyz[
UsV3'| Hoo
WoZy
Hss W,z
v
UV | Huy
H =
Hss Ws2ZJ
WaZy
UsVy'| Hge
UoVy'
Hqr WoZ{|
UsV,'
UsVy'| Hss

Peeling algorithms recover a hierarchical matrix like H using O(klogy(n)) sketches with H and
HT. In general, they selectively apply the randomized SVD to recover all of the low-rank blocks
at a given level, starting with the top level. That is, using O(k) cleverly constructed input vectors
which consist of alternating blocks of zeros and random Gaussian entries, one can restrict the
outputs to sketch each of the individual low-rank blocks. Then, one can recover VVOZ(—)r and UQVOT
to high accuracy using a low-rank approximation algorithm. The learned blocks are stored in an
approximation matrix H®) e R™*":
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These learned blocks are then “peeled” away, as the same process is applied to the matrix H — H®O
to recover W12, U1V,",WaZ, | and UsV,' simultaneously with O(k) sketches. This is because
H — HW zeros out the first level’s off-diagonal blocks, and subsequent matrix-vector products can
sketch the action of the low-rank blocks at the next level. Once learned, these blocks are stored
along with the first level’s blocks in H®_ The algorithm continues recursively, peeling away the
learned blocks repeatedly and moving to finer blocks toward the diagonal. There are logy(n) levels,
and each is recovered using O(k) sketches, yielding an overall complexity of O(klog,(n)) queries.

Peeling algorithms are extremely useful and observed to be stable in practice. However, the pre-
determined order of the algorithm, as well as its recursive subtraction, raise questions about its
theoretical stability, particularly when the underlying matrix does not have hierarchical structure.
For example, if the largest off-diagonal blocks are not exactly rank-k, but rather numerically rank-k
as is often the case in applications, error may be propagated from the first level to all subsequent
levels and deteriorate the overall approximation quality. In this talk, we describe the first provably
stable and near-optimal variant of the peeling algorithm. That is, for a general matrix B, we use
O(klogi(n)/e3) sketches to obtain an approximation B satisfying |B — B|lr < (1 +¢)||B — B||r,
where B is the best hierarchical approximation to B. We complement this upper bound by proving
that any matrix-vector query algorithm must use at least Q(klogs(n) + k/e) queries to obtain a
(1 + ¢)-approximation.

We discuss the variety of techniques used to derive these results. To control the propagation of error
between levels of hierarchical approximation, we introduce a new perturbation bound for low-rank
approximation, which is of independent interest in numerical linear algebra. We show that the
widely used Generalized Nystréom method enjoys inherent stability when implemented with noisy
matrix-vector products. This brings to light a surprising fact; the same result cannot be obtained
if the more standard randomized SVD method is used for low-rank approximation within peeling.

For even stronger control of error buildup across recursive levels, we also introduce a new “randomly
perforated” Gaussian sketching distribution. The key idea is to increase the sparsity of the query
vectors, so that a higher fraction of nonzero blocks are set to zero. Thus, when recovering each
block at a given level, we incur error due to a smaller number of inexactly recovered blocks from
the previous levels. We note that this may not decrease the magnitude of error if the error is
all concentrated on a few blocks. Thus, we choose the nonzero blocks of our sketches randomly,
ensuring that the expected error when recovering each block at each level is small.

We also describe lower bounds on the query complexity of hierarchical matrix recovery and approx-
imation. These results build on a growing body of work on lower bounds for adaptive matrix-vector
product algorithms. We reduce the problem to fixed-pattern sparse matrix approximation, which
arises when we restrict to recovering the diagonal block matrices of a hierarchical matrix, a strictly
easier problem than hierarchical matrix recovery. Formally, we prove that, if we had an algorithm
for finding a near-optimal hierarchical approximation with O(k/e) sketches, then the result could
be post-processed to obtain a near-optimal block-diagonal approximation, which we know to be
impossible. This is then combined with a query complexity lower bound for exact recovery to
obtain the lower bound of Q(klogy(n) + k/e¢).

Finally, I will emphasize how our work in hierarchical matrix approximation fits into the new
paradigm of stability analysis for randomized sketching algorithms, which are increasingly common
in modern linear algebra techniques. Moving forward, we may also consider analyzing the stability of
recovery algorithms for the subfamily of hierarchical semi-separable matrices, which also frequently
arise in practice. Studying peeling also provides insight into an analysis of other similar recursive
algorithms, such as butterfly and skeletonization factorizations.
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Convergence Analysis for Nonlinear GMRES
Yunhui He

Department of Mathematics, University of Houston, Houston, USA

Abstract

We are interested in solving the following nonlinear system of equations

g(x) =0, (1)
where x € R" and g : R® — R".

Consider the following fixed-point iteration

Try1 = q(Tr) = 21 — g(28). (2)

In practice, the fixed-point iteration converges slowly or even diverges. We seek methods to accel-
erate it.

Define the k-th residual of the fixed-point iteration as

r(xr) = o — q(or) = g(ap). (3)

We revisit the nonlinear generalized minimal residual method (NGMRES) following [2, [1]. NGM-
RES has been used to accelerate the convergence of a fixed-point iteration, given by Algorithm [l.
In practice, we consider the windowed NGMRES, i.e., fixing m, denoted as NGMRES(m), which
is different than restart GMRES.

Algorithm 1 NGMRES with window size m, denoted as (NGMRES(m))
1: Given xg and m > 0
2: For k =1,2,--- until convergence Do:

o set my = min{k, m}
e compute

my,
esr = alwe) + Y B (alwr) — 2xi), (4)
i=0
where Bi(k) is obtained by solving the following least-squares problem
2
min
B

glate) + 3 8% (gla(ar)) — glaii))
1=0

2

EndDo

To the best of our knowledge, no convergence analysis exists for NGMRES(m) when applied to
nonlinear problems. In this work, under some standard assumptions used for iterative methods
in nonlinear problems, we prove that for general m > 0, the residuals of NGMRES(m) converge
r-linearly. For m = 0, we prove that the residuals of NGMRES(0) converge g-linearly.

Finally, we present numerical results to demonstrate the performance of the NGMRES(m) method,
and we make a comparison with the well-known Anderson acceleration [3]

166



References

[1] Sterck, Hans De, Steepest descent preconditioning for nonlinear GMRES optimization, Numer-
ical Linear Algebra with Applications, 20(3): 453-471, 2013, Wiley Online Library

[2] Sterck, Hans De A nonlinear GMRES optimization algorithm for canonical tensor decomposi-
tion, SIAM Journal on Scientific Computing, 34(3): A1351-A1379, 2012, SIAM

[3] D. G. Anderson, Iterative procedures for nonlinear integral equations, J. Assoc. Comput. Mach.,
12 (1965), pp. 547-560.

167



Efficient Iterative Methods for the Solution of Sparse Tree-Coupled
Saddle-Point Systems

Bernhard Heinzelreiter, John W. Pearson, Christoph Hansknecht, Andreas Potschka

Abstract

The efficient solution of huge-scale sparse systems of linear or linearized equations poses a pivotal
question in many applications of optimization and, with that, in numerical linear algebra. In
particular, the design of bespoke iterative solvers is often invaluable, in order to mitigate the
large storage requirements that may be required by off-the-shelf methods for systems of very high
dimensions. In order to make a numerical solver feasible and effective, information about the linear
system and the structure of the optimization problem from which it is obtained must frequently be
taken into account when designing the solver.

A broad class of optimization problems with numerous applications involves sparsely-connected
optimization problems. These consist of a series of constrained subproblems linked through a
relatively small subset of variables. A general form of such problems can be written as

N
min i (Gi
min ; ¢i (Gi)
s.t. CZZQ + C; ;¢ =0 for all (4, ) € A,
¢i(¢;)=0forallieV,

(1)

where V = {1,..., N} with N € N is an index set for the subproblems, and A C V x V represent
the connecting graph. The functions ¢; denote the optimization functionals, ¢; the constraint for
each subproblem, and the vectors (; € R™ are to be determined. These problems play a crucial role
in engineering applications, including stochastic programming, robust nonlinear model predictive
control, and optimal control of networks (e.g., gas pipelines). They are also relevant in domain
decomposition methods for partial differential equations (PDEs) and parallel-in-time approaches.
Upon discretization and linearization, problem (1) reduces to a large-scale sparse linear system of
saddle-point structure of which the efficient solution is desirable.

In this talk, we derive a suite of direct and (in particular) iterative solvers for saddle-point sys-
tems with a tree-coupled structure [2], corresponding to a special case of a linearization of (1).
Specifically, we extend well-studied structure-exploiting approaches for saddle-point systems [1] by
incorporating the graph-based coupling structure, where interactions between the individual and
otherwise isolated subsystems are expressed via generic coupling constraints. This allows us to
make use of the special, sparse structure of the resulting Schur complement. We develop a range
of structured preconditioners which may be embedded within suitable Krylov subspace methods,
including block preconditioners, recursive preconditioners, and multi-level approaches. The major-
ity of these methods are vastly parallelizable, allowing them to be applied in a real-time fashion.
We prove a range of results relating to the convergence, complexity, and spectral properties of our
algorithms. The performance of the preconditioners is showcased by applying them to an array
of model problems. This includes model predictive control, multiple shooting for optimal control,
and domain decomposition for PDEs. The numerical experiments validate our theoretical results
and show improved performance over direct methods. Additionally, the experiments show that our
methods are capable of coping with very large regimes of N.
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We, furthermore, outline future work on the analysis of coupled systems with an even more general
graph-based structure, including cyclic dependencies and the derivation of methods to automatically
detect this exploitable structure within given linear systems. There is also the potential to combine
this with parallel-in-time methodologies derived by the author for fluid flow control problems [3].
Moreover, we discuss the potential of this method to be embedded within the sequential homotopy
method [4], which leads to global convergence for a number of nonlinear optimization problems.
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Randomized Householder-Cholesky QR Factorization with Multisketching

Andrew J. Higgins, Daniel B. Szyld, Erik G. Boman, Ichitaro Yamazaki

Abstract

Computing the QR factorization of tall-and-skinny matrices is a critical component of many sci-
entific and engineering applications, including the solution of least squares problems, block or-
thogonalization kernels for solving linear systems and eigenvalue problems within block or s-step
Krylov methods, dimensionality reduction methods for data analysis like Principal Component
Analysis, and many others. Two of the most popular high performance QR algorithms for tall-
and-skinny matrices are the CholeskyQR2 and shifted CholeskyQR3 algorithms [3, 4], thanks to
their communication-avoiding properties along with their exploitation of vendor provided highly-
optimized dense linear algebra subroutines, allowing them to achieve high performance on rapidly
evolving modern computer architectures. However, CholeskyQR2 may fail to accurately factor-
ize a matrix V when its condition number #(V) Z u~'/2, where u is unit roundoff [12]. Shifted
CholeskyQR3 is numerically stable as long as (V) < u™!, but it requires over 50% more com-
putational and communication cost than CholeskyQR2 [3]. Although TSQR [2] is a more stable
communication-avoiding algorithm than the aforementioned Cholesky-based methods, it relies on
a non-standard reduction operator, which can make it substantially slower than CholeskyQR2 in
practice [4], and is significantly harder to implement efficiently on high performance GPUs. Hence,
Cholesky-based QR methods remain popular on modern architectures.

Random sketching has become a popular dimension reduction technique in the fields of numerical
linear algebra and data analysis. The central premise of random sketching is to embed a set V C R"
into a lower-dimensional space via some random projection S : R™ — R?®, with s < n. In numerical
linear algebra applications, the random sketch matrix S € R**" is often selected to be an (e,d, m)
oblivious subspace embedding, i.e., for any m-dimensional subspace V C R"™ and = € V, there is

some ¢ € [0, 1) such that
VI=e |zlla <[[Szll2 < VI +e |zl

with probability at least 1 —d [8, 9]. Such (e, d, m) oblivious subspace embeddings S are attractive
in numerical linear algebra, because if one chooses the subspace ¥V C R” to be the column space of
a matrix V' € R™" the embeddings can be shown to approximately preserve singular values,

(1 + 8)71/2 Umzn(sv) < Umzn<v) < Umaz(v) < (1 - 5)71/2 Umax(sv)v

and therefore approximately preserve condition numbers,

w(V) <41 RSV,

with probability at least 1 — d. In the context of QR factorizations, one can factorize the small
sketched matrix QR = SV, and use the triangular factor R as a preconditioner for the large
unsketched matrix V', which is effective because

K(VRY) < ,/%i K(SVRY) = ,/%i — o),

for e sufficiently below 1. This approach is known as the sketch-and-precondition framework [7].
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In this talk, we present the results from our recent work [5], which analyzes a randomized tall-
skinny QR algorithm called randomized Householder-Cholesky QR (rand_cholQR). The algorithm
uses the sketch-and-precondition framework with Householder QR as a preprocessing step before
following up with a pass of CholeskyQR to fully orthogonalize the preconditioned matrix with
little computational and communication cost. In order to reduce the cost of the computations
even further, we propose to use “multisketching,” i.e., the use of two consecutive random sketch
matrices, within the sketch-and-precondition framework. Our approach is general in the sense that
our analysis applies to any two oblivious subspace embedding sketching matrices, but is specifically
motivated by the use of a large sparse sketch followed by a smaller dense sketch, such as a Gaus-
sian or Radamacher sketch [1], as this particular strategy significantly reduces the complexity of
applying the sketch operator. Our analysis applies in particular to Count-Gauss (one application
of CountSketch followed by a Gaussian sketch), as described in [6, 10, 11].

We prove that with high probability, the orthogonality error of rand_cholQR is on the order of
unit roundoff for any numerically full-rank matrix V (i.e., (V) < u™!) and hence it is as stable
as shifted CholeskyQR3 and it is significantly more numerically stable than CholeskyQR2. Our
numerical experiments ilustrate the theoretical results and suggest that rand_cholQR often succeeds
for numerically rank-deficient problems as well, unlike either CholeskyQR2 or shifted CholeskyQRS3.
In addition, the rand_cholQR algorithm may be implemented using the same basic linear algebra
kernels as CholeskyQR2. Therefore, it is simple to implement and has the same communication-
avoiding properties. We perform a computational study on a state-of-the-art GPU to demonstrate
that rand_cholQR can perform up to 4% faster than CholeskyQR2 and 56.6% faster than shifted
CholeskyQR3, while significantly improving the robustness of CholeskyQR2.

In summary, our primary contribution consists of a new error analysis of a multisketched ran-
domized QR algorithm, proving it can be safely used for matrices of larger condition number than
CholeskyQR2 can handle. Numerical experiments confirm and illustrate the theory. Our secondary
contribution is a computational study on a state-of-the-art GPU that tangibly demonstrates that
the multisketched algorithm has superior performance over the single sketch algorithms and similar
performance to the high performance but less stable CholeskyQR2 algorithm.
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Optimal preconditioners for nonsymmetric multilevel Toeplitz systems with
application to solving non-local evolutionary PDEs

Yuan-Yuan Huang, Sean Y. Hon, Lot-Kei Chou, and Siu-Long Let.
Abstract

Preconditioning for multilevel Toeplitz systems has long been a focal point of research in numerical
linear algebra. In this talk, we present a new preconditioning method for nonsymmetric multilevel
Toeplitz systems, including those from evolutionary PDEs. These systems have recently garnered
considerable attention in the literature. For these equations, we propose a symmetric positive
definite multilevel Tau preconditioner that is efficient and optimal, ensuring mesh-independent
convergence with the preconditioned generalized minimal residual method. Numerical examples
highlight our method’s effectiveness, particularly for non-local, time-dependent PDEs solved in
parallel.
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Contour Integral Methods for Exponentials of Matrices and Operators with
Explicit High-Order Error Bounds

Andrew Horning* and Adam R. Gerlach

*Department of Mathematical Sciences, Rensselaer Polytechnic Institute
Abstract

Exponential integrators based on contour integral transforms lead to powerful numerical solvers for
a variety of ODEs, PDEs, and other time-evolution equations. They are easy to parallelize and lead
to global-in-time approximations that can be efficiently evaluated anywhere within a finite time
horizon. However, there are theoretical challenges that restrict their use-cases to classes of smooth
evolution equations called analytic semigroups. In this talk, we show how to use carefully regularized
contour integral representations to construct high-order quadrature schemes for the much larger
class of strongly continuous semigroups. Our algorithms are accompanied by explicit high-order
error bounds and near-optimal parameter selection. We illustrate the method’s attractive features
through several PDE examples associated with singular behavior, causality, and non-normality. Our
approach is firmly rooted in contour integral techniques for matrix functions. Along the way, we
highlight how simple ideas from semigroup theory can augment traditional techniques in numerical
linear algebra to tackle common tensions that arise while computing functions of operators.

Contour integral methods. Contour integral methods approximate the action of the matrix
exponential with a quadrature rule. Given v, a Jordan curve winding once clockwise around the

spectrum of a square matrix A, quadrature nodes z1, ..., zy, and weights wi, ..., wy, then
1 1 &
exp(At)e = — [ e® (2] — A) tedz ~ — wre*t (2] — A) . 1
(e = 5o [ a1 ) g7 2 kel 4) 1)

The main cost of the scheme is solving a shifted linear equation at each quadrature node. These
can be done in parallel and may be accelerated with iterative methods. After solving these linear
systems, the approximation can be evaluated at any time ¢ > 0 with only vector-vector operations.

When A is obtained by discretizing a differential operator, its spectrum may fill a large region of
the complex plane. As the discretization is refined, this region typically grows and the quadrature
approximation in (1) may rapidly deteriorate along with the performance of iterative methods
for the linear systems. Famously, this effect can be mitigated through Talbot quadrature if the
spectrum of A lies in a modest sector along the negative real axis [1]. These techniques have been
used to develop highly parallelizable schemes for a broad class of parabolic equations [2]. Recently,
Colbrook was awarded the Leslie Fox Prize for extending these techniques to analytic semigroups,
which are associated with smooth evolution problems like parabolic and damped wave equations [3].

Regularization. Fundamentally, Talbot contour integral schemes exploit reqularity in the operator
exponential for analytic semigroups. Unfortunately, this is not possible for less regular evolution
equations associated with challenging causal, singular, or non-normal behavior. Instead, we show
how to regularize contour integral schemes to exploit reqularity in the vector x. This is common in
time-stepping methods but global-in-time methods require new tools from semigroup theory.

To exploit regularity in = in our scheme and analysis, we develop the algorithm at the infinite-
dimensional level and then carefully assess the impact of discretization. Consider a linear operator
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A : D(A) — X on a separable Banach space X and replace x by u € X and A by A. If A generates a
strongly continuous semigroup on X', then its spectrum is contained in a left half-plane Im(z) < w
and its resolvent decays uniformly in the complimentary right-half plane. We use a regularized
analogue of the contour integral in (1) with form, for some § > w and integer m > 2,

d+1ico zt
exp(At)u = (207 — A)m% /6 (266772)”1(,21 —A)xdz, u € D(A?). (2)

To approximate (2), we apply a truncated N-point trapezoidal rule with node spacing h > 0,

N (5+ihk)t
SUM (tyu = (26T — A)™ [;; ZN m((a +ihk)Z — A7 u. (3)

For a practical computational scheme, the shifted linear equations can be solved with a suitable
discretization of smooth functions u € D(A?) C X. The main requirement for convergence is that
Ar — Au and (2] — A)7lz — (5.2 — A)"lu, k = —N,..., N, as the discretization is refined.

Explicit Error Bounds. At the operator level, the regularized quadrature approximation in (2)-
(3) has several key advantages over (1). The integral converges absolutely and uniformly for u €
D(A?), while the amplification power of (26Z — .A)™ is controlled by the regularity of the vector
u. Moreover, the integrand decays at a controlled rate along the contour. These features allow
us to derive simple explicit error bounds for smooth vectors u € D(A™). In fact, we can derive
closed-form expressions for quadrature parameters that achieve [4]

m 6 m—l
sup |l exp(At)u — SU (t)ull < C [ —= 1(26 — A)™||,  when  we D(A™). (4)
0<t<T hN

Here, C' is an explicit constant depending on A, the contour location §, and the time horizon T

In practice, one must discretize the infinite-dimensional objects for a numerical algorithm. We
show how semigroup theory provides simple, computable bounds for the action of the discretized
resolvent that hold for a very broad class of discretization techniques including Galerkin-based
schemes and modern spectral methods. These bounds are inspired by the residual bounds for
linear systems commonly used in numerical linear algebra.

Applications and Outlook. High-order contour integral schemes for strongly continuous semi-
groups open the door to highly parallelizable methods for traditionally challenging PDEs and related
time-evolution processes. They also provide a compact modal-like representation of semigroups
that may be useful in operator learning, system identification, and other data-driven modeling
techniques. We will illustrate some applications of our scheme to challenging simulation scenarios
related to uncertainty quantification, where verified simulation of Koopman semigroups is a key
ingredient. We will also discuss work in progress on applications of contour integral representations
in data-driven settings. Finally, we will outline the potential of semigroup theory to resolve related
tensions encountered while computing matrix functions of discretized operators.
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Least squares solvers based on randomized normal equations

llse C.F. Ipsen
Abstract

For the better part of my life I have taught that least squares problems are to be solved with a
QR decomposition or SVD, cautioning that formation of the normal equations is to be avoided if
possible.

Now I am re-thinking this advice, in light of developments underlying the Blendenpik least squares
solver [1, 2], and our version of the randomized preconditioned Cholesky-QR algorithm [3].

Proposed Algorithm. Given a real m x n matrix A with rank(A) = n, we investigate the solu-
tion of the least squares problems miny || Ax — b|[2 by solving the normal equation of a randomized
preconditioned problem. In the spirit of the original Householder meetings, this is work in progress.

Specifically, we right-precondition A with a randomized preconditioner Ry, to obtain A; = AR .
Instead of taking the Blendenpik route and solving miny ||[A1y — b2 via the iterative method
LSQR, we solve the normal equations. That is, the Gram matrix G = AT A; is formed explicitly,
followed by solution of the normal equations Gy = A¥b. This can be done with a Cholesky
factorization of G or of the bordered matrix [A; b] [4, §2.2]. At last, one recovers the solution of
the original problem via the triangular solve Rgzx =y.

To compute the randomized preconditioner Ry, first improve the coherence of A with a random
orthogonal matrix FA, where F is the product of a fast transform (FFT, Walsh-Hadamard, DCT,
Hartley) and a random diagonal matrix with independent Rademacher variables on the diagonal.
Then sample ¢ rows, uniformly and independently with replacement from FA to obtain the sampled
matrix A; = SFA. At last compute the thin QR decomposition A; = QsRs5.

Advantages. Unlike Blendenpik [1] which solves a m x n least squares problem with an iterative
method, we solve a small n X n problem with a direct method. Direct methods, and Cholesky
decompositions in particular, tend to perform well on cache-based and parallel architectures, where
data movement and synchronization can dominate arithmetic. This is in contrast to the normal
equations like approach with iterative methods in [5, 6], which also requires an initial guess.

The simplicity of our approach, in contrast to the involved multi-stage [5, Algorithm 4], will lead
to a rigorous and informative perturbation analysis for the accuracy of the computed solution. The
potential backward stability issues due to the formation of the Gram matrix can be handled in the
same way as for the randomized Cholesky-QR algorithm in [3].

The preconditioner R needs to be applied only once and is applied explicitly, thereby improving
the backward stability issues discussed in [7]. Even for matrices A with worst case coherence and
a condition number x(A) =~ 10!, a sampling amount of ¢ = 3n suffices to produce preconditioned
matrices A that are very well conditioned, with condition numbers k(A1) ~ 10.

Preliminary numerical results suggest that for matrices with condition number x(A) < 10%, the
preconditioner R can be computed faster, in single precision, without loss of accuracy in the pre-
conditioned problem. We will show that solving the normal equations via a Cholesky decomposition
represents an efficient least squares solver on NVIDIA RTX 2080 GPUs.
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Randomized orthogonalization in GMRES with deflation and augmentation

Yongseok Jang, Laura Grigori
Abstract

In the context of large-scale linear algebra, random sketching has emerged as a powerful technique
to reduce computational costs and memory requirements. As data dimensions grow, traditional
methods often become impractical. Random sketching provides a way to approximate large matrices
and datasets by projecting them onto lower-dimensional subspaces using randomized linear maps,
which capture essential properties of the original data —such as norms of vectors— but at a fraction
of the size.

In this talk, we present the application of random sketching to Gram-Schmidt process for orthonor-
malizing a set of vectors. One [1] can provide a set of vectors, which are not [y orthogonal but their
low dimensional images through random sketching are orthonormal. Using this method, called
randomized Gram-Schmidt (RGS) algorithm, for QR factorization of a matrix W € R™™ (with
m < n), we obtain W = QR, where @ is not orthonormal, but ©Q becomes orthonormal with a
random sketching matrix © € R**" for t < n. Furthermore, inspired by the reorthogonalization
techniques in classical Gram-Schmidt (CGS) and modified Gram-Schmidt (MGS) (namely CGS2
and MGS2, respectively), we develop the RGS2 algorithm [2]. The RGS2 algorithm combines RGS
with CGS/MGS to result improved numerical stability and [ orthonormal Q.

By employing fast computation techniques for sketching, such as fast Walsh Hadamard transforma-
tion, our RGS algorithms bring significant computational cost reductions. RGS has half the com-
plexity of CGS/MGS, and RGS2 reduces computational costs by 25% compared to CGS2/MGS2.
Furthermore, with the probabilistic rounding model, we analyze rounding errors and show that
RGS exhibits better numerical stability than CGS and comparable stability to MGS. Additionally,
under a numerical non-singularity condition, the loss of orthogonality in RGS2 is independent of
the condition number of W. Thus, the randomized orthogonalization process offers both reduced
computational cost and enhanced numerical stability.

When solving linear systems with GMRES, the quality of Krylov basis vectors is crucial; poor
quality can deteriorate GMRES convergence. To accelerate the convergence of GMRES, a defla-
tion strategy is combined together. However, in GMRES with deflated restarting (GMRES-DR),
where the previous Krylov subspace is reused, loss of orthogonality may accumulate over iterations,
potentially leading to stagnation or divergence. Hence, the orthogonalizing process is particularly
important in GMRES-DR. Here, RGS-based Arnoldi iterations can ensure numerical stability in
generating Krylov basis vectors rather than other GS algorithms. Consequently, the randomized
GMRES and the randomized GMRES-DR exhibit better numerical performance [3].

In this presentation, we introduce the randomized variants of FGMRES-DR, FGCRO-DR, SVD
based deflation, and augmentation, (e.g., please refer to [4, 5, 6, 7] and the references therein for
the GMRES methods with deflation and augmentation). To validate the stability and conver-
gence improvements, we present numerical examples that solve ill-conditioned systems arising from
compressible turbulent CFD simulations.
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On the Convergence of the Singular Value Expansion of 2D functions

Sungwoo Jeong, Alex Townsend

Abstract

In this work we study the convergence of the singular value expansion (SVE) of 2D functions
(kernels). Consider a square-integrable kernel K : [a,b] X [¢,d] — R, where [a,b], [c,d] C R. We
define (i) Right singular functions denoted by w1, usg, ..., which are orthonormal with respect to
L?([a, b]) and (ii) Left singular functions denoted by vy, v, ..., which are orthonormal with respect
to L?([c,d]). These singular functions are defined to satisfy the relationships

d b
onun(m)Z/ K(z,y)vn(y)dy, Onvn(y)Z/ K(z,y)un(z)dz. (1)

The values o1 > g9 > -+ > 0 are called the (positive) singular values of K. The SVE of K is then
defined as

K(z,y) =) ontn(@)on(y). (2)

Recall that the singular vectors of a matrix A is defined with relationships Av,, = opuy, ui A = 0,0}
and the singular value decomposition (SVD) can be defined as A = )" o,u,v);. Thus, the SVE
can be thought of as a continuous analogue of the SVD [1].

Before the SVD of a matrix, several pioneers of modern functional analysis in the early 20th century
figured out the existence and properties of the SVE for a general square-integrable kernel. Within
these developments, Mercer [2], in 1909, showed that any continuous, symmetric positive definite
kernel K : [a,b] X [a,b] — R has a uniformly and absolutely converging SVE,

K(z,y) = Z)\nun(x)un(y)7 (z,y) € la,b] x [a,b], (3)
n=1

which is also equivalent to its eigenfunction expansion. This is often called Mercer’s theorem. For
general kernels without positive definiteness or symmetricity, the convergence property (pointwise,
uniform, and absolute) of the SVE is an open problem.

In this work, we first prove that the conclusion of Mercer’s theorem does not hold for general
symmetric and asymmetric kernels, whenever the positive-definiteness condition is dropped. We
provide novel examples which lead to the following result.

Theorem 1. For any [a,b] C R there are continuous symmetric indefinite kernels on [a,b] X |a, b]
such that the SVE, equation (2), (i) does not converge pointwise, (ii) converges pointwise but not
uniformly, or (iii) converges pointwise but not absolutely.

We hope this theorem will clarify some confusion in the literature regarding the convergence of
the SVE whenever a symmetric kernel is not positive definite. In practice, a symmetric indefinite
kernel often possesses a pointwise converging SVE but we prove that such convergence is not always
guaranteed. Our work provides a rigorous underpinning for kernel methods using indefinite and
asymmetric kernels.
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We then prove our second main result, which is the convergence result of the SVE when a kernel
is equipped with a mild regularity condition. We say a kernel K : [a,b] X [¢,d] — R is of uniform
bounded variation if

b9 d 9
/a Ky <V, / S K@)y < V. (4)

holds for any fixed z,y and a uniform constant V' > 0. We remark that this is a larger class
of general continuous kernels which includes, for instance, Lipschitz continuous kernels. For a
continuous kernel of uniform bounded variation, we prove the following result using the singular
value decay and a generalization of the Rademacher-Menchov theorem. (In fact, we prove that the
same conclusion holds for any continuous kernel that has a singular value decay o, = O(n™%) with
a>1)

Theorem 2. For any [a,b],[c,d] C R, let K : [a,b] X [¢c,d] — R be a continuous kernel of uniform
bounded variation (see equation (4)). Then, the SVE of K, equation (2), converges pointwise almost
everywhere, unconditionally almost everywhere, and almost uniformly.

To prove the second theorem, we also provide a new bound on the decay of singular values, which is
state in the following proposition. We use a recent result [3] on the decay of the error of truncated
Legendre series approximation to prove the decay bound.

Proposition 1. For any [a,b],[c,d] C R, a continuous kernel K : [a,b] x [c,d] — R of uniform
bounded variation has o, = O(n™1) as n — oco.

Furthermore, we provide an efficient numerical algorithm for computing the SVE of a given function.
The algorithm is divided into two steps. In the first step, we compute a pseudo-skeleton approxi-
mation using Gaussian elimination with complete pivoting (GECP), which is an iterative procedure
to approximate the kernel K (z,y) as a sum of rank-1 functions [4]. After we have computed a rank
< R pseudo-skeleton approximation, Kg(x,y), in the first step, we improve it by performing a low-
rank SVD. The SVD decomposes Kg(z,y) into a sum of outer products of orthonormal functions
with singular values and gives us an accurate truncated singular value expansion of K.
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On a Multi-Stage Tensor Reduction Strategy for Arbitrary Order-p
Tensorial Data under the Tensor T-Product Algebra

Harshit Kapadia, Lihong Feng, Peter Benner

Abstract

We present a novel multi-stage tensor reduction (MSTR) framework for tensorial data arising from
experimental measurements or high-fidelity simulations of physical systems. The order p of the
tensor under consideration can be arbitrarily large. At the heart of the framework are a series
of strategic tensor factorizations and compressions, ultimately leading to a final order-preserving
reduced representation of the original tensor. We also augment the MSTR framework by per-
forming efficient kernel-based interpolation/regression over certain reduced tensor representations,
amounting to a new non-intrusive model reduction approach capable of handling dynamical, para-
metric steady, and parametric dynamical systems. Furthermore, to efficiently build the parametric
reduced-order model in the offline stage, we develop a tensor empirical interpolation method (t-
EIM). We formalize our ideas using the tensor t-product algebra [7, B, ] and provide a rigorous
upper bound for the error of the tensor approximation from the MSTR strategy.

The idea to factor any order-3 tensor in two orthogonal tensors of order-3 and an f-diagonal
tensor of order-3 first appeared in [[7]]. The notion of orthogonal tensors and such a factorization
strategy, analogous to matrix factorization—rendered by the singular value decomposition (SVD)—
is possible due to the tensor multiplication, referred to as the t-product [[7]. An extension for order-p
tensors of the t-product and t-SVD is proposed in [8], which is used in our work. Moreover, by
following the approach taken in [9] for order-3 tensors, we develop a randomized variant of t-SVD
for order-p tensors, which is utilized to accelerate the tensor factorizations in our MSTR framework.

To aid our discussion, let us define the t-SVD for an order-p tensor 7T:
T=LxMxR", (1)

Where 7" c Rnl ><n2><n3><-~~><np’ E c Rnl Xny ><n3><~-~><np7 R c IR'ILQ><7‘L2><7‘L3><~~~><7‘Lp7 and M c Rnl ><n2><n3><~~~><np'
Here, £ and R are orthogonal, and M has entries Mj, iy45...;, such that M, ,i5..., = 0 unless i1 = ia.
When p = 3, authors in [[7] refer to M as an f-diagonal tensor. The symbol * in @) refers to the
t-product, and R' is the t-transpose of R.

We are concerned with data arising from high-fidelity simulations or physical measurements. In
the most general setting, the solution tensor S can have the following form:

S e ]RNQC><Ny><Nz><ml><mg><~~~><7m\7#><Nt7 (2)

where N, Ny, and N, refer to the size of each spatial dimension; N, refers to the parameter space
dimensions, with my,mg,---,my, corresponding to the size of each dimension of the parameter
space; N; refers to the total number of time steps or the frequency of measurements. We seek to
efficiently reduce this high-dimensional tensorial data, obtaining its reduced tensor representation,
which describes the original tensor with reasonable accuracy.

The MSTR strategy begins by identifying the target variable of interest, along which we do not seek
to perform a tensor compression. For physical systems, it is typical to either collect measurements
or high-fidelity solution values across the spatial domain, corresponding to various time instances
and/or parameter configurations. As a result, the target variable could be either time or parameter.
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We seek to compress the solution tensor along all remaining dimensions. For instance, consider
an order-5 tensor S € RNeXNyxNaxmxNi = where m = Hj:{l 2,..,N,} T If the target variable is
the parameter, then the reduced representation we aim for lies in R™*"2X"3XMX75 " whereas if the
target variable is time, then the reduced representation we aim for lies in R71X72X73XraxNe - Here,
r1 K Ny, 120 K Ny, r3 K N, r4 < m, and 75 < Ny.

Based on the t-SVD in (EI), we can seek a compression of any tensor 7T € R XM2Xn3xXXMp Ly
truncating £ € R™MXmxn3XXny glong the second dimension, obtaining £ € R™X7X18X Xy where
r < nq, projecting 7 on £, and producing A € R"*"2X73Xxnp  Note that A provides a reduced
representation of 7, where information along the first dimension is compressed.

The central idea pertaining to the MSTR strategy is to recursively perform a tensor factorization for
obtaining a truncated orthogonal tensor, onto which the parent unfactored tensor can be projected,
leading to compression along one tensor dimension at every stage. The tensor factorizations are
performed sequentially over subsequent intermediate reduced representations of the original tensor
S, ultimately leading to the final reduced tensor representation where all dimensions except the
one corresponding to the target variable are compressed. While employing t-SVD to undertake the
multi-stage tensor factorizations, it is imperative to appropriately permute the dimensions of the
intermediate reduced tensor representations, allowing us to attack all relevant dimensions, leading
to a compression of information along them. Moreover, for S and all subsequent intermediate
reduced tensor representations, it is important to maintain a specific tensor orientation. We will
provide further details about these intricacies in our talk.

We demonstrate an application of the MSTR strategy in the context of reduced-order modeling
by using it to extract the final reduced tensor representation A, for any given S, along with
the truncated orthogonal tensors {EZ}:L:SI from n, tensor reduction stages. The primary motiva-
tion is to utilize the order-preserving compressed version of S, enabling efficient operations within
our reduced-order model, which can then deliver reliable predictions during the online phase at
previously unseen parameter and/or time locations. After carrying out the MSTR procedure, we
interpolate /regress between specific slices of A,,,, generating a map .#;, capable of accurately ren-
dering the final reduced tensor representation corresponding to new locations of the target variable,
i.e., either parameter or time. We denote this approximation as flns, which is obtained in the online
phase. Note that the subscript tv in .#y, refers to the target variable. Using the truncated orthog-
onal tensors {£; }ie, and A,.., we obtain an approximation of the solution tensor at new locations
of the target variable. .#+y is built using a kernel-based shallow neural network (KSNN) with train-
able kernel activation functions, where the parameters—kernel widths and center locations—are
automatically determined via an alternating dual-staged iterative training procedure from our prior
work [4].

In the final reduced tensor representation, the variable staying uncompressed is viewed as the target
variable, whereas the variable compressed in the final stage of the MSTR procedure is referred to
as the secondary target variable. To build a reduced-order model capable of providing predictions
at new locations of both the parameter and time, it is necessary to ensure that they correspond to
either the target variable or the secondary target variable. Upon ascertaining this, another inter-
polation/regression map .#pasis is created, which can provide an approximation of the truncated
orthogonal tensor appearing in the second-last stage of the MSTR procedure, i.e., ﬁns,l, at new

locations of the secondary target variable. The approximation from .#yasis is denoted as ENnS 1.

For this variant of our reduced-order model, the online phase involves querying .#, to obtain Ans
This is then used, along with L’n , to construct An _1. Later, yet another map gy is constructed
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by interpolation/regression between specific slices of Ans_l, capable of providing an approximation
of the intermediate reduced tensor representation from the second-last stage, corresponding to new

locations of the secondary target variable. We denote this approximation by flns_l. Next, Ens_l is

obtained by querying .#pasis, and in conjugation with flns_l, an approximation of the intermediate
reduced tensor representation from the third-last stage is constructed. By using this approximation
in conjugation with the truncated orthogonal tensors {/L}’;;IQ, we obtain the approximation of
the high-dimensional solution tensor at new locations of the target variable and secondary target
variable, i.e., parameter and time. We create #pasis and sy, using KSNNs, which is especially
useful for efficiently constructing .#, during the online phase. Moreover, an accurate construction
of Myasis is non-trivial, requiring interpolation over a Grassmann manifold. We investigate several
approaches to accomplish this.

To train the MSTR-based reduced-order model, we need the solution tensor S € RNwXNyxNexmx N
which requires data from either physical measurements or high-fidelity simulations across N; time
instances and m parameter configurations. This can be challenging if obtaining spatio-temporal
solution fields for many parameters is infeasible or computationally expensive. To address this, we
develop a method to progressively expand the solution tensor S along the parameter dimension from
a small initial value mg to a moderate final value mf;pq;. This incremental-learning procedure in-
volves iterative applications of the MSTR strategy to create a surrogate Se RN XNy XNz X fine XNi |
where the growth of S is guided by iteratively applying our t-EIM [5] over cheaply computable S to
extract critical parameter locations from a fine candidate set with cardinality m f;,.. Moreover, em-
ploying randomized t-SVD for all factorizations in the MSTR procedure further enhances efficiency
during the offline phase. Related to our t-EIM are the recently proposed tensor discrete empirical
interpolation methods [, 2] that use t-SVD to get the interpolation basis. In [1], a greedy proce-
dure is used to pick the interpolation indices, while [2] uses the pivoted t-QR decomposition [3]. In
contrast, t-EIM employs a greedy procedure to select both the interpolation indices and the basis.

We have observed excellent performance of the proposed framework over numerous high-dimensional
tensor-valued datasets, comprising climate measurements as well as various parametric spatio-
temporal flow phenomena exhibiting rich dynamics, including convection-dominated behavior. In
the talk, we primarily intend to highlight the theoretical and algorithmic contributions of our work.
Furthermore, we will illustrate the robustness of the MSTR strategy and the reduced-order model
based on it over an appropriately selected numerical example.

Numerical results: Table m provides the configurations of selected order-3 and order-4 tensor
datasets, detailing the training set dimensions, representing about half of the parameter samples
and time steps; the rest form the test sets. Table J lists the average relative errors for tensor approx-
imations using the MSTR, procedure and the MSTR-based reduced-order model. To demonstrate
the MSTR procedure’s advantage, Table E also includes average relative errors when the tensor is
matricized to S € RN=NyxmNe thereby obtaining the truncated left singular matrix in RNy X" via

’ Tensor datasets H Spatial dimension(s) ‘ # parameter samples ‘ # time steps
Wave equation N = 10201 m =19 Ny =401
Burgers’ equation N, =161, N, = 161 m =34 Ny =101
Navier-Stokes equations N = 37514 m =18 Ny =201

Table 1: Details about the dimensions of selected order-3 and order-4 tensor datasets. All the
examples have a 2D spatial domain with N denoting the total number of unstructured grid nodes.
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SVD MSTR
Tensor datasets — — % drop
Matricized | Compressed Original Compressed

R10201X7619 R10><7619 R10201><19><401 RIOXIQX 10 97.51%

Wave equation

Burgers’ equation R25921X3434 R60><3434 R161X34X161X101 R10X34X10X10 83.49%

Navier-Stokes equations R37514><3618 R10X3618 R37514>< 18x201 R10X18><10 95.02%

Table 2: Details about the achieved level of compression for SVD and MSTR. The last column
highlights % reduction in the entries of the final reduced tensor representation from MSTR in com-
parison with the compression achieved via SVD. The corresponding errors are reported in Table J.

Tensor datasets H SVD ‘ SVD-based ROM MSTR MSTR-based ROM ‘
Wave equation 3.91 x 1073 4.08 x 1073 6.98 x 1074 1.21 x 1073
Burgers’ equation 1.14 x 1072 8.61 x 1072 5.45 x 1073 6.14 x 1073
Navier-Stokes equations | 2.25 x 1072 2.26 x 1072 4.29 x 1074 6.38 x 1074

Table 3: An illustrative comparison between average relative errors of the SVD, MSTR, and their
respective reduced-order model (ROM) approximations over the test sets for selected datasets.

its SVD, projecting the matricized tensor on it, and producing the compressed representation in
R™*™Ne where r < mN;. The comparison between the results from SVD and MSTR is for equiv-
alent compressions of the spatial dimensions. Table P details the compression levels, showing that
the representation from MSTR possesses fewer total entries than the representation from SVD.
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QCLAB: A MATLAB Toolbox for Quantum Numerical Linear Algebra

Sophia Keip, Daan Camps, Roel Van Beeumen
Abstract

Quantum numerical linear algebra is about solving numerical linear algebra problems on quantum
computers - a field that has seen exciting and significant progress in the past few years. Rapid
advancements in quantum hardware continue to drive this momentum forward and highlight the
fast-paced progress of the field. To facilitate quantum algorithm research, especially as quantum
hardware is still maturing, access to robust computational tools is crucial. We present QCLAB
(https://github.com/QuantumComputinglab/qclab) [1], an object-oriented MATLAB toolbox
for creating, representing and simulating quantum circuits. What sets QCLAB apart is its emphasis
on numerical linear algebra, prioritizing numerical stability, efficiency, and performance. This
dedication to robust numerical techniques underlies its role as the foundational framework for a
range of derived software packages and quantum compilers.

In this talk, featuring a MATLAB tutorial on QCLAB, we will not only showcasing the key features
of QCLAB, but also providing an overview of the state of the art in quantum numerical linear
algebra research. To offer concrete insights, the presentation will focus on three landmark quantum
algorithms: the Quantum Fourier Transform (QFT) [2], Quantum Phase Estimation (QPE) [4],
and the Quantum Singular Value Estimation (QSVE) [3]. By demonstrating QCLAB along the
way and introducing fundamental concepts in quantum computing, the audience will be encouraged
to engage actively with this promising research area.

The QFT is a quantum version of the discrete Fourier transform forming the foundation for nu-
merous quantum algorithms in quantum numerical linear algebra. Building on the QFT, QPE is
a principal quantum algorithm used to determine the eigenvalue (or phase) corresponding to an
eigenvector of a unitary operator. In simple terms, it estimates the phase 6 in the equation:

Uly) = ™),

where U is a unitary operator and |¢) is an eigenvector of U. QPE is essential for applications like
factoring large numbers (as in Shor’s algorithm) and finding eigenvalues in quantum simulations.
Finally, the QSVE extends these principles to non-unitary matrices, allowing singular values to
be estimated directly through quantum methods. Both, QPE and QSVE promise polynomial
complexity in n when applied to matrices of size 2".

To better understand how these quantum algorithms function, we will begin with the underlying
principles of quantum computation, highlighting its accessibility for researchers with a linear algebra
background [5, 6]. A quantum computation involves the following three key components:

¢ Quantum State: The representation of information, a unit vector in a complex vector space.
e State Evolution: The transformation of the quantum state via unitary operators.

e Measurement: The process of extracting information from the quantum state.

A common way of representing those three components is a so-called quantum circuit. A Quantum
circuit is an intuitive visual way to track the evolution and measurement of a quantum state.
QCLAB, based on this circuit model, offers a user-friendly interface for constructing, simulating,
and visualizing quantum circuits, in line with most modern quantum hardware platforms.
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Quantum states and qubits: A quantum circuit acts on a register of qubits, which hold
quantum information. Qubits are the quantum counterpart to classical bits. While a classical bit
is either 0 or 1, a qubit can exist in a linear combination, called superposition, of two basis states
|0) and |1). To represent a state |¢) of a single qubit as vector in C?, we choose the standard basis
|0) = [1,0]7, |1) = [0,1]". This leads to

) = alo)+ 51y =a ||+ (7] = 3],

where o and 3 are complex numbers, called amplitudes, and |a|? + |3|> = 1. For multiple qubits,
the state space grows exponentially. Consequently, the state of a n-qubit register corresponds to
a vector in C?" and is described by a linear combination of 2" basis states. These basis states are
formed as tensor products of the 1-qubit basis states, i.e., [biba - - by) = |b1) ® |b2) ® - - - ® |by,) with
b; € {0,1}. Note that b1by - - - b, are bit strings that can be interpreted as the binary representation
of the integers from 0 to 2" — 1. The n-qubit state can thus be represented as Zgigl ap|b), with
normalization Egigl |ap|? = 1. For instance, a 2-qubit register has the four basis states |00), [01),
|10), |11) with |00) = |0) ® |0) = [1,0,0,0]7 and analogous expressions for the rest.

To set up a 2-qubit quantum circuit in QCLAB, we use the following code:
do —
a1 —

where the circuit diagram on the right represents the empty qubits ¢y and gq;.

>> circuit = qclab.QCircuit(2);

State evolution: Once we have prepared an n-qubit register in a certain state |[¢) € C2",
we can evolve it over time. To ensure that the quantum state remains normalized, this evolution
is achieved by applying unitary transformations [¢)) — |¢'), known as quantum gates, which are
represented by unitary matrices U € C2"*2" and are depicted in circuit formulas as blocks:

[¢) = Ul¢), %) [¥')

In theory, any unitary U can serve as quantum gate. However, in practice, the implementation of
these gates is constrained by the underlying hardware, which determines which gates can actually
be realized. An important 1-qubit gate is the Hadamard gate H, which transforms the basis states
into equal superpositions, i.e. a linear combination with equal amplitudes.

1 1
V2 V2
A common 2-qubit gate is the controlled NOT gate, abbreviated to CNOT. This gate flips the state

of the target qubit if and only the control qubit is in state |1). The unitary matrix representations
of these two gates are

H0) = —=(10) + (1)), H[1) = —=(|0) = [1)).

11 1 6900
sl owor = [4i41]
QCLAB natively implements a wide variety of commonly used quantum gates as well as the option
to implement your own gate based on its matrix representation. Going back to our example circuit,
we can add a Hadamard gate to the first qubit (qubit 0) and a CNOT gate with control qubit 0
and target qubit 1 using the push_back function. On the right you see that our quantum circuit
grows from left to right, which reflects the order the gates are applied to the state.
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>> circuit.push_back(qgclab.qgates.Hadamard(0)) ; q0 H
>> circuit.push_back(qclab.qggates.CNOT(0,1));
P q qg q1 .

Measurement: In contrast to classical bits, it is not possible to observe the quantum state
directly. Instead, we can only gain information through measurements, which inherently affect the
state itself since they collapse the state to one of the basis states. In a 1-qubit state «|0) 4 /3|1), the
probability of measuring 0 is |a|?, while the probability of measuring 1 is |3|?. After measurement,
the state collapses to either |0) or |1), based on the observed outcome. For a general state |¢)) =
> p au|b), the probability of measuring a basis state |b) is

P(b) = |a|?.

Since |¢) is normalized, this defines a valid probability distribution over the possible measurement
outcomes. For instance, for a 2-qubit register in the state agp|00) + ap1|01) + a10|10) + a11]11),
the probability of measuring 0 for both qubits is |ago|?, and the system collapses to |00) after the
measurement.

Let us add measurements to both qubits in our QCLAB example circuit:

>> circuit.push_back(qclab.Measurement (0)); q0
>> circuit.push_back(qclab.Measurement (1)) ;

Simulating quantum circuits: After constructing a circuit, the next step is to execute it and
observe the results. Here, we set up a 2-qubit circuit consisting of a Hadamard gate on the first
qubit, a CNOT gate with control qubit 0 and target qubit 1, and two measurements. Let us see
what the circuit does on the initial state |00) = |0) ® |0). Applying the Hadamard gate to the first
qubit yields

H10) @ [0) = = (10) + 1)) © 10) = 1=[00) + —=|10).

V2 V2 V2
Next, the CNOT gate flips the bit of the second qubit whenever the first qubit is 1, so

1 1 1 1
ﬁ\oo ﬁ\10>> = ﬁyom %

Finally, by measuring both qubits, we measure |00) and |11) both with probability \%P =0.5. To

CNOT< )+ 111).

simulate the circuit in QCLAB, we use the simulate function with the initial state as input:

>> simulation = circuit.simulate('00');

For all measurements we can get the possible measurement results together with the corresponding
probabilities and collapsed states by

>> simulation.results >> simulation.probabilities >> simulation.states
ans = 2x1 cell ans = 2x1 cell ans = 2x1 cell
00" 0.5000 [1;0;0;0]
11 0.5000 [0;0;0;1]

QCLAB provides a full state simulation, meaning it accurately represents the entire quantum state
vector, allowing precise tracking of amplitudes and phase information for each qubit throughout the
computation. The straightforward simulation of quantum circuits in QCLAB makes it a valuable
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tool for rapid prototyping of quantum algorithms. This capability allows researchers to efficiently
experiment with and refine their algorithms prior to moving on to more advanced stages.

Additional features: Other than the computational tasks, QCLAB enables the visualization of
quantum circuits directly in the MATLAB command window and supports saving a circuit diagram
to LaTeX source files, as demonstrated in the diagrams presented within this abstract. Both can
be done using the following commands:

>> circuit.draw;
>> circuit.toTex;

This functionality makes it particularly useful for research documentation and presentations. QCLAB
also provides input/output compatibility with openQASM, a low-level programming language used
to describe quantum circuits, which is compatible with quantum hardware. This allows users to
test their quantum circuits on real quantum computers and is achieved by the command:

>> circuit.toQASM;

Alongside the numerical linear algebra applications we present in this talk, QCLAB offers a variety
of other examples that help users getting familiar with both quantum computing concepts and the
toolbox itself. Additionally, extensive documentation is available to make the learning process as
smooth as possible.

QCLAB also has a C++ counterpart, QCLAB++ [7, 8], which is designed for more computationally
demanding tasks by leveraging GPU capabilities. QCLAB++ retains the same user-friendly syntax
as QCLAB, allowing researchers to easily transition from prototyping in MATLAB to scaling up
simulations with C++ on GPUs.

This talk is designed for both researchers in numerical linear algebra seeking an easy entry point
into quantum computing, and experienced quantum computing practitioners looking for a tool to
facilitate rapid prototyping of quantum algorithms.
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A Memory-efficient MM-GKS Variant for Large-scale Dynamic or
Streaming Inverse Problems

Misha E. Kilmer, Mirjeta Pasha, Eric de Sturler

Abstract

Reconstructing high-quality images with sharp edges requires edge-preserving regularization oper-
ators. Using a general /,-norm on the gradient of the image is a common approach. For implemen-
tation purposes, the £,-norm regularization term is typically replaced with a sequence of ¢>-norm
weighted gradient terms with the weights determined from the current solution estimate. While (hy-
brid) Krylov subspace methods can be employed on this sequence, it would require generating a new
Krylov subspace for every update of the regularization operator. The majorization-minimization
generalized Krylov subspace method (MM-GKS) addresses this disadvantage by combining the
updating of the regularization operator with generalized Krylov subspaces (GKS). After projecting
the problem onto a lower dimensional subspace - one that expands each iteration - the regulariza-
tion parameter is selected for the projected problem. Basis expansion continues until a sufficiently
accurate solution is found. Unfortunately, for large-scale problems that require many iterations
to converge, storage and the cost of repeated orthogonalization present overwhelming memory
requirements and computational costs.

We present a variant of MM-GKS that provably converges to the minimum of the smoothed func-
tional even if the search space dimension remains very small. This substantially improves theoretical
results for MM-GKS where the convergence proof relies on (eventually) spanning the full problem
space. Using this result, we develop a new method that solves the minimization/imaging problem
by alternatingly compressing and expanding the search space while maintaining strict monotonic
convergence. Our method can solve large-scale problems efficiently both in terms of computational
complexity and memory requirements. In the compression phase, we select a subspace of small
dimension that is considered the most “important” for convergence by one of four compression
strategies. We further generalize our proposed method to handle streaming problems where the
data is either not all available simultaneously or the size of the problem demands it be treated as
such. We demonstrate the utility of our approach on several image reconstruction and restoration
problems.
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Randomized solvers for joint eigenvalue problems

Daniel Kressner, Haoze He

Abstract

Here is a Matlab one-liner for computing the eigenvectors of a normal matrix A:
H=A+A"; S = A-A’; [U,~] = eig(randn*H+randn*1i*S);

This talk will explain why this one-liner works and what accuracy we can expect.

More generally, this talk is concerned with randomized methods for solving joint eigenvalue prob-
lems associated with a matrix family Ay, ..., Ag. This problem class includes the diagonalization of
(nearly) commuting symmetric or nonsymmetric matrices, as well as simultaneous diagonalization
by congruence. As in the Matlab one-liner above (which exploits that the Hermitian and skew-
Hermitian parts of a normal matrix commute), a common idea of these randomized methods is
to first reduce the matrix family to one or two matrices by random linear combinations and then
apply a standard eigensolver. These methods are remarkably simple and robust, and provide a
decent level of accuracy with very high probability. If needed, accuracy can be improved further
with optimization techniques or other refinement strategies.

Besides algorithms, we will also discss the theory and applications of randomized solvers for joint
eigenvalue problems. It turns out that classical eigenvalue perturbation theory, with a small dose
of probabilistic analysis, can explain much of the success of these solvers. Applications include
signal processing tasks (e.g., for image separation and EEG analysis) and tensor decomposition
(e.g., for learning latent variable models). A particularly successful and important application are
joint eigenvalue methods for multivariate root-finding problems, which we have explored in joint
work with Bor Plestenjak.
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Most matrix manifold optimization problems are NP-hard

Zehua Lai, Lek-Heng Lim, Ke Ye
Abstract

Some of the most common Riemannian manifolds in geometry, including many that are important
in engineering applications, may be represented as matrix manifolds, i.e., submanifolds or quotient
manifolds of R™*" endowed with various Riemannian metrics.

We consider four of the best known ones: The Cartan manifold of ellipsoids in R™ may be modeled
as the set of positive definite matrices

ER") X {AeR"™": A" = A, 2" Az > 0 for all x # 0}. (1)

The compact Stiefel manifold of orthogonal k-frames in R™ may be modeled as the set of n x k
orthonormal matrices

Vi(R") = {Y e R™F . YTY =} (2)

The noncompact Stiefel manifold of k-frames in R™ may be modeled as the set of n x k full-rank
matrices

St (R") = {S € R™* : rank(S) = k} (3)

The Grassmannian of k-planes in R™ may be modeled either as projection matrices, involution
matrices, or, more generally, quadratic matrices with appropriate trace values:

Crp(R") = {PcR™": P> =P =P", tr(P) =k} (4)
2QeR™:Q'Q=1,Q" =Q, tr(Q) =2k —n}
W eRY" . W' =W, (W —al)(W —bl) =0, tr(W) = ka + (n — k)b}.

Further examples may be obtained from these four basic cases as product, quotient, or submanifolds.

We will show that unconstrained quadratic optimization over any of these models of Grassmannian
is NP-hard. Our results cover all scenarios: (i) when k£ and n are both allowed to grow; (ii) when
k is arbitrary but fixed; (iii) when k is fixed at its lowest possible value of 1.

For example, the clique decision problem, i.e., deciding if a clique of size k exists in a graph
G = (V, E), may be formulated as the maximization problem

Perélff}lg,n) [ Z e; PeiejPej + Z eiTPeieiTPei} , (5)
(i,7)EFE eV
where Gr(k,n) is the projection model of Grassmannian in (4) and ey, ...,e, € R" the standard

basis. This establishes NP-hardness of (i) for the projection model but we will extend it to other
models and also to (ii) and (iii).

We will establish similar NP-hardness results for unconstrained quadratic optimization over the
Cartan manifold in (1), as well as unconstrained cubic optimization over the compact and noncom-
pact Stiefel manifolds in (2) and (3).

In all cases, we will rule out the existence of FPTAS and show that these hardness results hold
regardless of the choice of Riemannian metrics one puts on these manifolds. If time permits, we
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will also discuss the NP-hardness of optimizing over various representations of these manifolds as
quotient matrix manifolds, including

Gri(R") = O(n)/(O(k) x O(n—k)),  Vi(R") =0O(n)/O(n — k),
St (R™) = GL(n)/ P1(k, n), E(R") = GL(n)/ O(n).
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Randomized low-rank Runge-Kutta methods

Hei Yin Lam, Gianluca Ceruti, Daniel Kressner

Abstract

In this work, we aim at approximating the solution A(t) to large-scale matrix differential equations
of the form
Alt) = F(A®),  A(0) = Ay € R0, O

For large m and n, the solution of (1) becomes expensive; in fact, it may not even be possible
to store the entire matrix A(t) explicitly. To circumvent this limitation, model order reduction
techniques based on exploiting (approximate) low-rank structure of A(t) can be employed. In
particular, dynamical low-rank approximation [3] approximates A(t) by evolving matrices Y (¢) on
the manifold M, of rank-r matrices, reducing memory usage when r < m,n. By the Dirac-Frenkel
variational principle, the matrix Y'(¢) is obtained by solving the differential equation

Y(t) =P (Y())F(Y (1), Y(0)=YyeM,, (2)

where P,.(Y(t)) denotes the orthogonal projection onto Ty (;)M,., the tangent space of M, at Y (¢).
However, the stiffness of this equation leads to a severe step size restriction for standard explicit
time integration methods. To address this issue, special integrators for this equation have been
proposed [4, 2, 5]. Under the assumption

|F(Y)—-P.(Y)F(Y)|r <é foral Y € M, N {suitable neighbourhood of A(t)} (3)
all these methods exhibit at least first-order convergence up to O(€).

Assumption (3), which states that F(Y) is nearly contained in the tangent space, is arguably a
strong assumption. According to [2] and the examples shown, it is possible that A(t) can be well
approximated by a rank-r matrix even if (3) is not satisified with small €&. When this assumption
fails for small €, using tangent space projections in numerical methods risks introducing significant
erTorS.

In this work, we develop low-rank time integration methods for (1) that do not rely on (3) but only
require A(t) to admit accurate low-rank approximations. Our approach is based on the notion of
projected integrators, which first perform a standard time integration step and then project back
to the manifold. For the manifold M,., the efficiency of projected integrators is impaired by the
occurrence of high-rank matrices, e.g., during the intermediate stages of a Runge-Kutta method.
Previous work [2] mitigated this with repeated tangent space projections. Here, we propose a
novel alternative using randomized low-rank approximation, employing random sketches instead of
tangent projections to control rank growth efficiently.

To the best of our knowledge, this is the first work to propose and analyze randomized low-rank
approximation methods for time integration. The randomized low-rank Runge-Kutta (RK) methods
proposed in this work combine explicit RK methods with randomized low-rank approximation.
Assuming that the dynamics generated by F' preserve rank-r matrices approximately, we derive a
probabilistic result that establishes a convergence order (up to the level of rank-r approximation
error) based on the so-called stage order of the underlying RK method, which matches the order
established in [2] for projected RK methods. However, unlike the results in [2], our numerical
experiments indicate that randomized low-rank RK methods actually achieve the usual convergence
order of the RK method, which can be significantly higher. For the randomized low-rank RK 4,
we also establish order 4 theoretically when allowing for modest intermediate rank increases in the
stages. This compares favorably to order 2 implied by the techniques in [2].
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Inner-product free Krylov subspace methods for inverse problems

Malena Sabaté Landman, Ariana Brown, Julianne Chung, James G. Nagy

Abstract

We consider linear discrete inverse problems, which involve the reconstruction of hidden objects from
possibly noisy indirect measurements. Rapid advances in technology and computation have resulted
in enormous and growing data-sets, creating an urgent need for more efficient algorithms that can
handle the increasing dimension of these problems while maintaining both reliability and, crucially,
speed. New (and not so new) promising directions include reducing the working floating point
arithmetic and increase parallelization, both of which can suffer from problems related to the use
of inner-products in the algorithms. In this work, I present a general class of Krylov methods
that are inherently inner-product free, while maintaining regularizing properties, making them a
powerful and efficient alternative to traditional Krylov solvers in the context of large-scale linear
inverse problems. Important applications appear, for example, in medical imaging (computed
tomography), non-destructive testing of engineering designs, and geophysics (seismic exploration).

We write a linear system with additive noise as
Ar+e=b, AeR™", (1)

where we typically consider e to be a realization of a white Gaussian random variable, and we
focus on problems that are ill-posed in the sense that the system matrix A has decaying singular
values which cluster at zero, but where A has an ill-determined numerical rank. Therefore, the
reconstructions of x are typically very sensitive to perturbations in the measurements (a.k.a. noise)
and need regularization.

Krylov subspace methods are a class of very popular projection methods to solve (1) which show very
fast convergence and have inherent regularization properties when equipped with early stopping of
the iterations [1]. In other words, the approximate solutions approach the true solution in the first
iterations but, if the algorithms are not stopped, they continue to converge towards to unwanted
solution of the least-squares problems associated with the noisy right hand side, which suffers badly
from noise amplification: this is also referred to as semi-convergence. These are typically based on
the stable construction of bases for Krylov subspaces, or search spaces for the solution z, defined
as:

Ki(C,d) =R(Vk), Vi=ld,Cd,.. CF1d], (2)

which are related to the original linear system and where R () represents the range of a matrix.
Moreover, these are iterative methods, so that a new direction is added to the space Ki(C,d) at
each iteration k. Usually, this is done using either the Arnoldi or Golub-Kahan bidiagonalization
(GKB) algorithms, which, applied to (1), differ on the choice of the matrix-vector pair {C,d}.
In particular, Arnoldi considers {4, b}; and GKB constructs basis for two Krylov subspaces; one
taking { AT A, ATb} and one taking {AAT b}. Both methods rely on the implicit construction of a
QR factorization of the matrix Vi in (2), and they require the orthogonalization and normalization
of the new basis vectors against the previous vectors in the basis, see, e.g. [2, Chapter 4]. However,
there are scenarios where the inner-products required in this process can hinder the usability of
the solvers. For example, in low precision arithmetic, standard Krylov solvers might break-down
too early due to the norm of the new vector after orthogonalization being numerically zero in
the given working precision, or over/under-flows can occur during norm computations. Moreover,
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inner-products can be a limiting factor for high performance computing, since they require global
communication [3]. On the other hand, the most used inner-product free solvers, e.g. Chebyshev
semi-iterations, can show very slow convergence.

In this work, we present a general family of solvers which leverage the fast converge of Krylov meth-
ods while being inherently inner-product free, and which are based off implicit LU factorizations of
the matrix Vj in (2). These solvers construct bases that span the same Krylov subspaces as those
associated to their traditional counterparts, but contain only linearly independent vectors that are
not orthogonal by construction. The choice of the matrix-vector pair {C,d} in (2) gives rise to
different frameworks, which hold a strong parallelism to the Arnoldi and GKB algorithms: on the
one hand, we use the standard Hessenberg method for {4, b}, see [4, 5], and on the other hand we
develop a new modified version of the Hessenberg method for { A7 A, ATb} and for {AAT b}, see [7].
Note that, in practice, partial pivoting is needed to avoid unwanted break-down of the algorithms.
Moreover, we describe the (quasi minimal residual) solvers associated with each approach. In the
first place, we revisit the changing minimal residual Hessenberg method (CMRH), see e.g. [4, 5],
and then we develop a completely new method, which we call the least squares LU (LSLU) [7]. In
particular, we show that CMRH and LSLU can be used to tackle large-scale linear inverse problems
efficiently, since they both present very fast convergence and regularization properties. Note that
previous work on the CMRH method did not consider its application to ill-posed problems, and it
was therefore not known if it was a regularizing method. Now we know that both CMRH and LSLU
have empirical spectral filtering properties, i.e., early iterations reconstruct smooth component of
the solution, and later iterations reconstruct high frequency components, so that early stopping
of the iterations gives rise to a regularized solution. Finally, we extend both methods to include
Tikhonov regularization, in the fashion of hybrid regularization [8], so that a projected Tikhonov
regularization problem is solved at each iteration. This is a very powerful framework, since the
solution of such problems does not show semi-convergence (and therefore is less sensitive to the
stopping criteria), and we can choose the regularization parameters throughout the iterations using
standard parameter choice criteria.

For more details on this work, where theoretical results and extensive numerical experiments suggest
that inner-product free variants exhibit comparable performance to established methods, see [6, 7].
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New results on the I/O complexity of some Numerical Linear Algebra
kernels

Julien Langou
Abstract

When designing an algorithm, one cares about arithmetic/computational complexity, but data
movement (I/O) complexity is playing an increasingly important role that highly impacts perfor-
mance and energy consumption. The objective of I/O complexity analysis is to compute, for a
given program, its minimal I/O requirement among all valid schedules. We consider a sequential
execution model with two memories, an infinite one, and a small one of size S on which a com-
putation unit retrieves and produces data. The I/O is the number of reads and writes between
the two memories. From this model, we review various Numerical Linear Algebra kernels that are
increasingly complicated from matrix-matrix multiplication, to LU factorization, then to symmet-
ric rank-k update, to Cholesky factorization, then to Modified Gram-Schmidt to Householder QR
factorization. We will show practical examples of these results too.

In particular, we will focus on two recent results.

First, we present the “hourglass pattern” which is useful in analysing algorithm such as, for example,
Modified Gram-Schmidt or Householder QR factorization. We identify a common hourglass pattern
in the dependency graphs of several common linear algebra kernels. Using the properties of this
pattern, we mathematically prove tighter lower bounds on their I/O complexity, which improves
the previous state-of-the-art bound by a parametric ratio. This proof was integrated inside the
IOLB automatic lower bound derivation tool. These results were presented in [1]. In addition
to lower bound results, we will show a tiling (valid for Modified Gram-Schmidt or Householder
QR factorization) which enables to reach the lower bound. We present numerical experiments on
modern platforms that shows the effectiveness of the new tiling.

Second, in [6], we focus on the problem of to apply a chain of sequences of Givens rotations to a
matrix A. Applying a chain of Givens rotations efficiently is an important building tool in numerical
linear algebra. Some examples are the implicit QR algorithm [2] and the Jacobi method for the
singular value decomposition [3]. To achieve high performance, many factorizations limit their
initial calculations to a smaller submatrix of the original matrix. Updating the rest of the matrix
(which often involves the bulk of the floating-point operations) can then be done efficiently with an
optimized routine. In practice, we observe that a vanilla algorithm performs poorly and is memory-
bound. However this algorithm has a three-loop structure reminiscent of a Level 3 BLAS subroutine,
and one would want to reorganize the operations to get a compute-bound algorithm. Kagstrom et
al. [4] and later Van Zee et al. [5] demonstrated two ways to increase efficiency: wavefront pattern
and fused rotations. We present a new algorithm that is innovative in three main ways. Firstly,
we introduce a kernel that is optimized for register reuse in a novel way. Secondly, we introduce
a blocking and packing scheme that improves the cache efficiency of the algorithm. Finally, we
thoroughly analyze the memory operations of the algorithm which leads to important theoretical
insights and makes it easier to select good parameters. Numerical experiments show that our
algorithm outperforms the state-of-the-art and achieves a flop rate close to the theoretical peak on
modern hardware. In addition to a practical new algorithm, we use our I/O lower bound theory to
prove that our tiling is optimal in terms of I/O. A technical report explaining these new findings
will be released soon.
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Optimal accuracy for linear sets of equations with the graph Laplacian

Rich Lehoucq, Jon Berry, Danny Dunlavy, Natalie Wellen € Michael Weylandt
Abstract

An approximate solution & for a linear set of equations Lz = b has roughly d digits of accuracy
when |2 — z||/||z|| &= 107¢. The classical two-sided inequality

Lf|o=Laf _ [le— & 16— L]
< SK z,b#0 1
w(L) ] ] = el W

implies that the relative error is norm-equivalent to the relative residual error ||b — Lz||/||b|| with
constants given by the condition number (L) and its reciprocal. For us, the matrix L is a graph
Laplacian and the vector x represents a network centrality measure indicating the importance of
the vertices, e.g., the PageRank [1] vector or the vector of mean hitting-times. Unfortunately, the
condition number k(L) increases with graph size or with the PageRank teleportation parameter
rendering (1) useless in practice. We establish improved variants of the two-sided inequality and
explore their profound computational implications.

We focus our analysis on the relationship between the relative error and the relative residual. This
relationship is key to assessing the quality of & because it relates the observable quantity || Lz — b|
with the unobservable quantity ||Z—z||. We show that the strength of this relationship is determined
by the angle between b and the vector of all ones on an undirected graph. This relationship is also
dependent on the so-called Markov chain discount, a classical concept that we find is equivalent to
the PageRank teleportation parameter for undirected graphs. This provides an elegant probabilistic
basis for the degree-normalized PageRank variant and the simple characterization of PageRank on
an undirected graph sought by Gleich [2, p.356].

Our contributions are twofold: i) we establish a more informative variant of (1) using a data-
dependent condition number and ii) we reframe graph centrality measures in the language of discrete
potential theory and show how certain potentials can achieve asymptotically optimal accuracy. We
discuss the application of these results to PageRank and conclude with numerical simulations high-
lighting the impact of our improved bounds. We refer the reader to the associated report Optimal
accuracy for linear sets of equations with the graph Laplacian available at https://arxiv.org/.
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Spectral Density Estimation of Kernel Matrices with Applications

Mikhail Lepilov

Abstract

Kernel matrices formed from large sets of observations arise frequently in data science, for example
during classification tasks. It is desirable to know the eigenvalue decay properties of these matrices
without explicitly forming them, such as when determining if a low-rank approximation is feasible.
In this talk, I will introduce a new spectral density framework based on quantile bounds. This
framework gives meaningful bounds for all the eigenvalues of a kernel matrix while avoiding the
cost of constructing the full matrix. The kernel matrices under consideration come from a kernel
with quick decay away from the diagonal applied to uniformly-distributed sets of points in Fuclidean
space of any dimension. I will prove certain results enabling this framework whenever the kernel
function satisfies a certain decay condition, and I will give empirical evidence for its accuracy. In
the process, I will also prove a very general interlacing-type theorem for finite sets of numbers.
Additionally, I will give an application of this framework to the study of the intrinsic dimension of
data. In doing so, I introduce a new “local” notion of intrinsic dimension, which has the power to
test a certain interpretation of the so-called “manifold hypothesis” for a given dataset.
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Fast Solvers for the Runge-Kutta Integration of the Instationary
Incompressible Navier—Stokes Equations

Santolo Leveque, Yunhui He, and Maxim Olshanskii

Abstract

Time-dependent PDEs arise very often in many scientific areas, such as mechanics, biology, eco-
nomics, or chemistry, just to name a few. The lack of a closed form solution for general time-
dependent PDEs requires one to employ numerical methods in order to find an approximation of
it. These methods consider suitable discretizations of the quantity involved; in particular, they
employ suitable time-stepping schemes as discretization of the time derivative. The majority of
the solvers for time-dependent PDEs is based on classical linear multistep methods. Within this
framework, the approximation of the solution at time ¢,, is evaluated as a linear combination of the
s previous steps. The wide use of multistep methods is due to their simplicity; in fact, the structure
of the discretized problem allows one to employ solvers for the corresponding stationary PDE as
a solver for the time-dependent one. Despite this favourable quality, multistep methods have a
drowback: they are (in general) not A-stable, a property that allows one to choose an arbitrary
time-step for the integration. In fact, as stated by the second Dahlquist barrier, see for example [4,
Theorem 6.6], an A-stable linear multistep method cannot have order of convergence greater than
two. By contrast, one can devise an implicit Runge-Kutta method so that not only it is A-stable,
but also such that the method possesses more desirable stability properties (e.g., L- or B-stability,
see for instance [2, 3, 4]). However, the better stability properties of Runge-Kutta methods come
to a price: the discretization results in a non-linear block system, to be solved for the so called
stages of the method at each time step. For this reason, in recent years researchers have devoted
their effort in devising efficient and robust linear solvers for the solution of block systems arising
from the Runge—Kutta discretization of a time-dependent PDE, see for example [1, 5, 6, 7].

Consider the integration of an ODE of the form v/(t) = f(v(t),t) between 0 and a final time ¢; > 0,
given the initial condition v(0) = vg. By employing a constant time-step 7, an s-stage Runge-Kutta
time-stepping scheme applied to v'(t) = f(v(t),t) reads as follows:

S
Un+1 :vn+72biki7n, n=0,...,n— 1,
i=1

where the stages k; , are given by

s
/ﬂ’n :f Un‘f‘TZai,jk’j,mtn"f'CiT , 1=1,...,s, (1)
j=1

with ¢, = n7. The Runge-Kutta method is uniquely defined by the coefficients a; ;, the weights b;,
and the nodes ¢;, for i, = 1,...,s. For this reason, an s-stage Runge—Kutta method is represented

by the following Butcher tableau:
CrK | ARK
bk

where ARK = {aivj}ijzh bRK = [bl, e ,bS]T, and CRK = [cl, . .,CS]T.
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In this talk, we consider the following instationary incompressible Navier—Stokes equations

in ) x (O,tf),
V-v=0 iDQX(O,tf),
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The functions f and g as well as the initial condition #(x) are known. Further, v is the viscosity
of the fluid. We integrate the problem with a Runge-Kutta scheme in time. The time discretiza-
tion results in a non-linear system to be solved for the stages of the method at each time step.
Specifically, introducing the variables

"YU 7 S v —
Wy =Un + 73 5 0k}, i=1,...s,

po_ s P C_
Wy, ; = Pn + szzl @ijky . i=1,...,s,

at each time step the non-linear system (1) that characterizes the stages of the Runge-Kutta method
reads as follows:

(2)

= 2,7v = 2 D
W, — vV +dy -V + YV, = f(x,t)
v — y —
_vwn71—0 Z—l,...,s.

Then, the solutions at time t¢,, + 7 are given by

— — s e

Un41 = Un + 7D,y biky,
_ S D

Pntl =Pn +T Zi:1 bik@m

In order to find a numerical solution, we consider a Newton linearization of the non-linear problem
in (2), which is then discretized with suitable finite elements. The resulting linear system presents
a saddle-point block structure, and can be very large and sparse in real-life applications. For this
reason, in order to find a solution one requires the use of preconditioned iterative methods. We
adopt an augmented Lagrangian-based preconditioner, and employ saddle-point theory for deriving
approximations of the (1,1)-block and the Schur complement. Numerical experiments show the
effectiveness and robustness of our approach, for a range of problem parameters.
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The NPDo Approach For Optimization On The Stiefel Manifold with
Applications

Ren-Cang Li

Abstract

NPDo stands for nonlinear polar decomposition with orthogonal factor dependency. The NPDo
approach is a unified framework recently proposed in [3] for solving certain optimization on the
Stiefel manifold. Previously, the approach was implicitly employed in [5]. In this talk, we will
explain the theory behind the approach, why it works, the known types of problems for which it is
guaranteed to work, and discuss some of its applications in today’s data science, including subspace
learning and partially joint block diagonalization of several Hermitian matrices.
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Adaptive Sketching Based Construction of H? Matrices on GPUs

Sherry Li, Wajih Boukaram, Yang Liu, Pieter Ghysels
Abstract

We present a novel linear-complexity bottom-up sketching-based algorithm for constructing a H?
matrix and its high performance GPU implementation. The construction algorithm requires both
a black-box sketching operator and an entry evaluation function. The novelty of our GPU ap-
proach centers around the design and implementation of the above two operations in batched mode
on GPU with accommodation for variable-size data structures in a batch. The batch algorithms
minimize the number of kernel launches and maximize the GPU throughput. When applied to
covariance matrices, volume IE matrices and H? update operations, our proposed GPU implemen-
tation achieves up to 13x speedup over our CPU implementation, and up to 1000x speedup over an
existing GPU implementation of the top-down sketching-based algorithm from the H2Opus library.
This is the first GPU implementation of the class of bottom-up sketching-based #? construction
algorithms.
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Stochastic algebraic Riccati equations are almost as easy as deterministic
ones

Xin Liang, Zhen-Chen Guo
Abstract

Algebraic Riccati equations (AREs) arise in various models related to control theory, especially
in linear-quadratic optimal control design. The deterministic/classical ones are considered for
the deterministic linear time-invariant systems, including discrete-time algebraic Riccati equations
(DARES)

X=ATXA+Q - (A"XB+ L)(R+B*XB)"'(BTXA+ L"),

and continuous-time algebraic Riccati equations (CARESs)
ATX 4+ XA+Q - (XB+ L) R'(BTX +LT) =0.

During many years, people have developed rich theoretical results and numerical methods for the
DAREs and CAREs. See [22, 21, 18, 3, 16, 2] to obtain an overview for both theories and algorithms.

In comparison, the stochastic/rational ones are considered for the stochastic linear time-invariant
systems, including stochastic discrete-time algebraic Riccati equations (SDAREs)

r—1
X =AJXA+) ATXA +Q
=1
r—1 r—1 r—1
—(AgXBy+ Y ATXB;+ L)(Bj XBo+ Y BIXBi+R)"'(Bj XAg+ » Bl XA;+ L"),
=1 =1 =1

and stochastic continuous-time algebraic Riccati equations (SCAREs)

r—1

AGX + XAg+ ) ATXA +Q
=1
r—1 r—1 r—1
—(XBo+ Y ATXB;+ L)Y _BIXBi+ R BfX +> BIXA+L")=o.
=1 =1 =1

Here r — 1 is the number of stochastic processes involved in the stochastic systems dealt with, and
it is easy to check that for the case r = 1 SDAREs and SCARESs degenerate to DAREs and CAREs
respectively. Due to the complicated forms, we may recognize it would be much more difficult
to analyze their properties and obtain their solutions. There are still literature, e.g., [6, 7, 8],
discussing the stochastic linear systems and the induced stochastic AREs.

As we can see, the stochastic AREs are still algebraic, and it is quite natural to ask whether
algebraic methods could be developed to solve them. However, limited by lack of clear algebraic
structures, to the best of the authors’ knowledge, nearly all of the existing algorithms are based
on the differentiability or continuity of the equations, such as Newton’s method [6, 5], modified
Newton’s method [12, 19, 4], Lyapunov/Stein iterations [9, 20, 24], comparison theorem based
method [10, 11], LMI’s (linear matrix inequality) method [23, 17], and homotopy method [25].
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The key to the problem is the algebraic structures behind the equations. In this talk, we will build
up a simple and clear algebraic interpretation of SDAREs and SCAREs with the help of the so-
called left semi-tensor product. In the analysis we find out the Toeplitz structure and the symplectic
structure appearing in the equations, and illustrate the fact that the fixed point iteration and the
doubling iteration are also valid for them. The algebraic structures found here will shed light on
the theoretical analysis and numerical algorithms design, and strongly imply that stochastic AREs
are almost as easy as deterministic ones.

As an example, we show how to propose a RADI-type method for large-scale stochastic continuous-
time algebraic Riccati equations with sparse and low-rank matrices (A; are large-scale and sparse,
and B; and Q — LR™'LT are low-rank), based on revealed algebraic structure and motivated by
the relation illustrated in [13] between the algebraic structure and the efficient RADI method [1]
for CAREs. Unlike many existing methods for large-scale problems such as Newton-type methods
and homotopy method, it calculates the residual at a low cost and does not require a stabilizing
initial approximation, which can often be challenging to find. Numerical experiments are provided
to demonstrate its efficiency.

This talk is based on [13, 14, 15].
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Mixed precision HODLR matrices

Xiaobo Liu', Erin Carson?®, Xinye Chen?
Abstract

Introduction and overview. Hierarchical matrices, often abbreviated as H-matrices [1], comprise
a class of dense rank-structured matrices with a hierarchical low-rank structure, which is used to
approximate a dense or sparse matrix by dividing it into multiple submatrices in a hierarchical way,
where a number of submatrices are selected to be approximated by low-rank factors according to
an admissibility condition.

Computations of hierarchical matrices have attracted significant attention in the science and en-
gineering community as exploiting data-sparse structures can significantly reduce the computa-
tional complexity of many important kernels such as matrix—vector products, matrix factorizations,
etc. One particularly popular option within this class is the Hierarchical Off-Diagonal Low-Rank
(HODLR) format, whose definition is associated with the binary cluster tree T; of depth £ € N* [4].

Definition 1 ((7¢,p)-HODLR matrix). H € R"*" is (T, p)-HODLR matriz if every off-diagonal
block H(If,[f) associated with siblings Iik and IJ’I-C m Ty, k=1,...,¢, has rank at most p.

In the proposed talk, we consider constructing HODLR matrices in a mixed precision manner and
offer insights into the resulting behavior of finite precision computations. Our analysis confirms
what is largely intuitive: the lower the quality of the low-rank approximation, the lower the precision
which can be used without detriment. We provide theoretical bounds which determine which
precisions can safely be used in order to balance the overall error.

Practical definition of HODLR matrix. In order to quantify the error incurred in the low-rank
factorization of the off-diagonal blocks, we introduce the practical definition of (7, p,e)-HODLR
matrix as in Definition 2. The approximation error in the diagonal blocks of all levels of the (7y, p, €)-
HODLR matrix H is immediately obtainable following Definition 2 in the Frobenius norm, and, as
a special case, one can show |H — H||p < || H|| .

Definition 2 ((7¢,p,e)-HODLR matrix). Let H € R™*" be a (T, p)-HODLR matriz. Then H e
R™*" is defined to be a (Ty, p,€)-HODLR matriz to H, if every off-diagonal block H (IF, I]k) associated
with siblings IF and I]’.C inTe, k=1,...,¢, satisfies Hﬁ([f,[f) - H(If,[f)H < EHH(If,If)H, where
0<e<l.

Mixed-precision representation. First, we develop a mixed precision algorithm for constructing
HODLR matrices. Let us assume that the off-diagonal blocks from the kth level of H, 1 < k < /|
are compressed in the form

Y =0T, ji-jl =1, (1)

i J
where ﬁi(k) € R"/2°XP has orthonormal columns to precision u and TN/j(k) € R2°xp Our idea is to

compress the low-rank blocks H Z-(;C) and represent the low-rank factors ﬁi(k) and \N/j(k) in precisions
potentially lower than the working precision; given a set of available precisions, the same precision,
say, ug, is used for the storage of all low-rank factors at level k. To keep the global error in the

!Max Planck Institute for Dynamics of Complex Technical Systems, Magdeburg, Germany.
2Department of Numerical Mathematics, Charles University, Prague, Czech Republic.
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mixed-precision representation at the same level as an unified working-precision representation, we
choose

up < 6/(2k/2§k)>
where £ > u (since the factorizations are calculated in the working precision u) can be thought of
as the accuracy threshold in the low-rank factorizations (1) and

& = max 1/ |1 Hlp, 1< k<0,

which essentially characterizes the relative importance of the off-diagonal blocks in level-k to the
whole matrix in terms of magnitude. This means that, as the tree depth increases, the unit roundoff
ug must be smaller to offset the error between the HODLR matrix and the original matrix and
that, since 0 < &, < 1 holds for k = 1: £, generally no higher-than-working precisions are needed
among uy, for a HODLR matrix with mild depth ¢, say, £ < 10 (so 2¥/2 < 32). We then propose
an adaptive scheme for precision selection, which dynamically determines what degree of precision
is required for the computations in each level of the cluster tree. We show that the error in the
resulting mixed-precision representation H satisfies

|H — Hl|p < (2V20 + e H||p.

Matrix—vector products. Next, we give error bounds on the working precision u so that the
backward error in computing the matrix—vector product in finite precision does not exceed the
error resulting from inexact representation of the matrix. The key idea is that, if the HODLR
matrix H is approximated by the mixed-precision representation H to calculate the matrix—vector
product b + Hz we should try to balance the errors occurring in the approximation of H and in
the finite-precision computation, as shown from the following result.

Lemma 1. Let ,Zp an approzimation of A such that ||A — ngF < n for some n > 0. Then the
error due to finite precision computation of y = fl(Apx) will be no larger than the error due to the
computed inexact representation when the working precision has unit roundoff u < n/(n||Ap| F).

Applying Lemma 1 to the computation of the matrix—vector product associated with ﬁli(f) and
ignoring the errors in the summation of the vector elements (which are usually negligible compared
with the error in the block matrix—vector products), we can obtain the following result.

Theorem 1. Let H be a (Te,p,€)-HODLR matrix assacwted with the HODLR matriz H, and let
H denote our mized-precision representation. If b= Hz is computed in a working u < £/n, then
the computed b satisfies

b=fl(Hz) = (H + AH)z, ||AH|p <10-2%|H|p.

LU factorization. Finally, we derive error bounds on the LU factorization of the mixed-precision
HODLR matrix H. The factorization is done by a recursive algorithm which computes for all but
the bottom level the block LU factorization

[Hll le} _ [Ln ] [Un U12]

Hy1  Hao Loy Lo Ux|’

where L1 and Los are lower triangular and Uy and Use are upper triangular, and it invokes dense
routines on the bottom level. Based on the results from [3, sect. 3.5] and [3, Thm. 8.5], we first
look at the backward error in the LU factorization of the HODLR matrices at level £k = ¢ — 1 and

then use induction to quantify the backward error in the LU decomposition of diagonal blocks in
the other levels, up to the level k =0 (H {(1)) := H). We arrive at the following result.
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Theorem 2. Let H be the mixed-precision £-level HODLR representation. If the LU decomposition
of.FAI is computed in a working precision u < €/n, then the LU factorization of the HODLR matrix
H satisfies

LU =H+AH, |AH|p <2 e|H|p+11-2%||L| ¢ U] .

Noted that our finite precision analysis remains valid in the case where the HODLR matrices are
stored in one precision and therefore also provides new results for this case. We will also present
the numerical simulations we performed across various datasets to verify our theoretical results.

The talk is based on [2]. We have also developed a MATLAB toolbox called mhodlr for matrix
computations with HODLR representation and mixed-precision simulations, which supports other
important operations within the class of HODLR matrix such as (mixed-precision) matrix multi-
plication and Cholesky factorization. The documentation webpage of mhodlr MATLAB toolbox is
at https://mhodlr.readthedocs.io/en/latest/index.html.
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Convergence Analysis of SCF Iteration for Eigenvector-Dependent
Nonlinear Eigenvalue Problems

Ding Lu
Abstract

Eigenvector-dependent Nonlinear Eigenvalue Problems (NEPv) are fundamental in computational
science and engineering, presenting intriguing challenges for both analysis and computation. In an
NEPv, the goal is to find an orthonormal matrix V € C*** ie., VEV = I}, and a square matrix
A € CF*k that satisfy the nonlinear equation:

H(V)V = VA,

where H(V) € C™*" is a Hermitian matrix that continuously depends on the eigenvectors V. It
is typically assumed that the matrix-valued function H (V') is right unitarily invariant, meaning
H(VQ) = H(V) for any unitary matrix Q € C***_ and that the eigenvalues of A = VEH(V)V

correspond to the k smallest (or largest) eigenvalues of H (V).

NEPv arise in various fields, from traditional applications such as electronic structure calculations
in computational physics and chemistry, to more recent uses in machine learning in data science,
and signal processing of brain—computer interface in neuroscience and biomedical engineering.

The self-consistent field (SCF) iteration, originally introduced in molecular quantum mechanics in
the 1950s, is the most general and widely used method for solving NEPv and serves as a foundation
for other approaches. Starting from an orthonormal matrix Vp € C"**, SCF iteratively computes

H(%)m-}—l = %+1Ai+17 for 4 2071727"'7

where Vi1 € C™** is orthonormal and A;11 is a diagonal matrix containing the k smallest eigen-
values of H(V;). This basic form is known as the plain SCF iteration. Despite its simplicity, plain
SCF can suffer from slow convergence or even non-convergence in practice. Understanding when
and how plain SCF converges has been a longstanding research challenge, as these insights are
crucial for developing techniques to stabilize and accelerate the convergence of SCF iteration.

In this presentation, we cover some of our recent advances in the convergence analysis of plain SCF
and its variants. The first part focuses on the local convergence analysis of plain SCF. Using tangent-
angle matrix as an intermediate measure for approximation error, we establish new formulas for
two fundamental quantities that characterize the local convergence behavior of the plain SCF: the
local contraction factor and the local asymptotic average contraction factor. Our new convergence
rate estimates yield sharper bounds on the convergence speed compared to previously established
results. These findings also provide a new justification for the guaranteed local convergence of a
popular SCF variant—the level-shifted SCF. Details are found in [1]. We also mention [3], where
we extended the analysis to an SCF-type iteration for unitarily-invariantizable NEPv.

The second part presents a geometric interpretation of SCF to improve our understanding of its
global convergence behavior. We begin by focusing on a class of NEPv which we refer to as monotone
NEPv (mNEPv). Using a variational characterization of mNEPv, we can visualize plain SCF as
a steepest feasible direction method for the associated optimization problem. This interpretation
reveals the global and monotonic convergence of plain SCF for mNEPv; Further details can be
found in [2]. Finally, we will show how to extend this geometric framework to the level-shifted SCF
for general NEPv, thereby establishing its guaranteed global convergence.

This presentation is based on joint work with Zhaojun Bai and Ren-Cang Li.
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A MATLAB Toolbox for Toeplitz-Like Matrix Computations

Robert Luce
Abstract

A Toeplitz matriz T € C™" is defined by 2n — 1 parameters t_,1,...,t,—1 € C by

to  t ... th1
t_1  to :
T =ty = t
1
t,nJrl oot to

Such matrices arise in many applications from signal processing to finance, and the design and
analysis of algorithms for computations with Toeplitz matrices that take advantage of the matrix
structure is an ever-continuing quest. In this work we present a MATLAB toolbox for convenient
and efficient computations with Toeplitz matrices and ”Toeplitz-like“ matrices, which we will define
in the following, based on displacement structure. This more general class of structured matrices
enables fast algorithms not only for Toeplitz matrices themselves, but all matrices that satisfy a
certain low-rank property, which includes products, polynomials and rational functions of Toeplitz
matrices.

We will now discuss the crucial low-rank property that enables fast algorithms in more detail. In
the following we need notation for the two unit circulant matrices

+1

1
Z:|:1 = [627637"'767’17i61] == . Y

and for a vector x € C" we denote Zy1(z) 1= S p_, 2; 25"

For a matrix A € C™" the displacement of A is defined as
V(A):=Vyz 7 ,(A):=Z1A—-AZ , € C™™
The displacement rank of A is the rank of V(A), and when we have a decomposition
V(A) =GB*, G,BeC™,

we call the pair (G, B) a generator of A. It is easily seen that the displacement rank of a Toeplitz
matrix cannot exceed 2, and whenever rank(V(A4)) < n we will say that A is Toeplitz-like. The
overall mechanics of displacement structure are much more general than what we need for our
purpose here; we refer to the classic volume of Kailath et. al. [4] for a broader presentation.

The property of V(A) having low rank has several important algorithmic consequences for compu-
tations involving Toeplitz-like matrices, which we take advantage of in our toolbox. For example,
from a generator (G, B) of A, having columns g1, ...,g4 and by, ..., by, respectively, one obtains
the representation (e.g., [6])

A Z1(gr)Z_1(Jby), (J is the anti-identity),

I
bl
i M&
L
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enabling fast multiplication with A via the FFT without ever forming A explicitly.

Another important property is that Schur complements of displacement structured matrices inherit
the displacement rank [4]. A compact and constructive way to state this property is as follows.

Theorem. Let M = {%; %;Z] € C?X2% with each block being an n x n matriz. If M satisfies the

displacement equation

G

(Zl D Zl)M - M(Z_1 D Z_l) = |:G2

] [Bik B;] =: G/ By,
where Gy, By € C**4 qre conformally partitioned with M, then the Schur complement S =
Moy — M21M1_11M12 of My1 in M satisfies the displacement equation V(S) = GsBg§ with

GS = G2 — M21M1_11G17 BS = B2 - MTQMl_l*Bl
In particular S has displacement rank at most d.

The preceding theorem actually applies to other displacement operators, and forms the basis of
the famous GKO algorithm [3], which allows solving linear systems with A via an implicit LU
factorization in O(dn?) (after transformation to a Cauchy-like matrix). A more immediate conse-
quence though is that one can derive generator formulas for the result of algebraic operations with
Toeplitz-like matrices directly from their generators. The case of a product of two Toeplitz-like
matrices is an instructive example.

Example. Let Ay, Ay € C™*" two Toeplitz-like matrices of displacement ranks di,ds and with
generators (G1,B1) and (Ga, Ba), respectively. Then a generator for the product AjAs can be
obtained by using the preceding theorem on the embedding

_In A2:|

M:[Al 0

which is seen to have displacement rank at most dy + do + 1, and a possible generator for M is

_|e Gy O __26n 0 B
o=l5 el m=l0 s 0

Hence the preceding theorem asserts that S = Ay As has displacement rank at most di +ds + 1 and
a generator for A1Asy is

GS = [Alel A1G2 Gl} s BS = [—21436” BQ A;Bl] .

The preceding example is typical in the sense that the generator formulas provide a recipe for
implementing matrix operations solely on the basis of the generators of the operands and resultant.
Further important examples are integer powers, polynomials and rational functions.

Our toolbox TLCoMP implements algorithms for arithmetic and other computations with Toeplitz-
like matrices, typically based either on the FFT or by delegation to unstructured, dense computa-
tions on their generators. Toeplitz and Toeplitz-like matrices are never stored as full matrices, but
instead a generator representation is maintained throughout. Table 1 lists a few examples of the
supported operations and their computational complexity.
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operation O-complexity dominant operation

A+ Ay n(dy +ds)?  generator (re-)compression
A1 b d1n log n FFT
A1As didaonlogn FFT
full(A4;) din? None
mpower (T, s) snlogn FFT
polyvalm(p, T') snlogn FFT
polyvalm(p, Ay) disnlogn FFT
T\b n? GKO
Al\b d1n2 GKO

Table 1: Selected operations in TLCoMpP. Here T is a Toeplitz matrix, A; and As are Toeplitz-like
matrices of displacement rank d; and ds, respectively, b € C™ and p is a polynomial of degree s.

In order to maintain the generator representation throughout, an underlying generator (G, B), say,
comprising d columns, will be compressed to the numerical rank of the displacement, or sharp rank
bounds (if available). In our toolbox this is achieved by thin QR factorizations of both G and B,
followed by an SVD of a smaller d-by-d matrix to determine the rank. The overall complexity of
this recompression procedure is only in O(d?n) and is typically dominated by other computational
costs.

Our workhorse for solving linear systems of equations with Toeplitz-like matrices is the GKO algo-
rithm [3] as implemented in the excellent MATLAB toolbox “drsolve” by Arico and Rodriguez [1].
It may be interesting to add an option for using super-fast solvers in applicable cases (e.g., [5]),
but in our experience the GKO approach is highly competitive in practice up to very large matrix
dimensions despite having a worse complexity.

In order to give an idea on how TLCOMP can be used, we will show a few simple command prompts

that involve our toolbox. Toeplitz matrices are represented by a ToepMat class. When possible,
arithmetic with Toeplitz matrices yield Toeplitz matrices again:

% Generate data for two random Toeplitz matrices
[c1, r1] = random_toeplitz (1000, 1000);
[c2, r2] = random_toeplitz (1000, 1000);

% We provide a class |ToepMat|
TM1 = ToepMat(cl, rl);
TM2 = ToepMat(c2, r2);

% Addition, scalar multiplication yield a ToepMat object
disp(TM1 + TM2)

disp(TM1 - TM2)

disp(2i*pi * TM1)

1000x1000 ToepMat

1000x1000 ToepMat
1000x1000 ToepMat

If the result of an operation cannot be represented as a Toeplitz matrix, it will be type-promoted
to a Toeplitz-like matrix, represented by the TLMat class:
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disp(TM1 * TM2)
disp(TM1 \ TM2)

1000x1000 TLMat, displacement rank 4
1000x1000 TLMat, displacement rank 3

Evaluate Taylor polynomial of degree six for the exponential function:
p = 1./factorial(6:-1:0);

E = polyvalm(p, TM1); % No "full" arithmetic here!
disp(E); % Result is a TLMat

1000x1000 TLMat, displacement rank 12

EE = polyvalm(p, full(TM1)); % Compare with result from "full" computation
disp(norm(E - EE, 'fro') / norm(EE, 'fro'));

6.8215e-15

A preliminary version of this toolbox with some fewer features has been used to facilitate the
numerical experiments in [2]. This preliminary version is already available on GitHub at

https://github.com/rluce/tlcomp

and we hope that it will aid our community and beyond to embrace structured matrix computations
in research and applications.
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Building Scalable Tensor Regression Models: Linear Solvers and Beyond

Hengrui Luo, Anna Ma, Akira Horiguchi, Li Ma
Abstract

The regression problem y = f(X) + ¢, where X € R™%4*d o ¢ Rl is a tensor input variable,
presents unique challenges at the intersection of numerical linear algebra and statistical model-
ing. This extended abstract synthesizes recent advancements in solving both linear and non-linear
variants of this problem, focusing on scalable methods that leverage tensor structures.

In the linear case, we consider the tensor regression model f(X) = B o X, where o denotes a
tensor product. In [1], we focus on a generalization of matrix multiplication to tensors. This
formulation leads to large-scale tensor linear systems that are computationally challenging to solve
using traditional methods. Our primary contribution in this domain is the development of frontal
slice approaches for iteratively solving these systems.

Our innovation in [1] lies in adapting classical iterative methods from numerical linear algebra
to the tensor domain. By focusing on frontal slices of the coefficient tensor B, we develop a
family of iterative algorithms that significantly reduce the computational burden compared to direct
solvers. Our frontal slice methods come in cyclic, block, and randomized variants, each offering
different trade-offs between convergence speed and computational efficiency. These approaches draw
inspiration from classical numerical linear algebra techniques such as Gauss-Seidel, block iterative
methods, and randomized algorithms.

Another aspect of our work is the rigorous convergence analysis provided for these methods. We
establish conditions for convergence and derive bounds on the convergence rate in terms of tensor
properties. This analysis not only validates the proposed methods but also offers insights into
algorithm behavior, guiding practitioners in method selection and parameter tuning.

The computational advantages of our approach are particularly striking for large-scale problems.
We achieve a computational complexity of O(ds - max(dy,n)3) for n samples and tensor dimensions
d1 and dg, comparing favorably to the O(d3 - max(dy,n)3) complexity of naive iterative solver via
gradient descent, when dy is large.

Extending beyond linear models, f(X) are assumed to be nonlinear. We address the challenge
of non-linear tensor regression through the development of tensor-input tree (TT) models in [2].
Our model innovation generalize decision trees to handle tensor inputs, offering a flexible, non-
parametric approach to modeling complex relationships in tensor data. The TT framework can
be viewed as approximating the non-linear function f(X) with a piecewise linear tensor function,
where each piece corresponds to a leaf in the decision tree.

The development of TT models required innovative solutions to several challenges at the inter-
face of numerical linear algebra and statistical learning. Our key contribution in [2] is the design
of splitting criteria that effectively capture the multi-dimensional structure of tensor inputs. We
propose criteria based on both variance reduction and low-rank approximation errors, leveraging
tensor algebraic concepts to inform the tree-building process. To address the computational chal-
lenges of finding optimal splits in high-dimensional tensor spaces, we introduce two randomized
numerical linear algebra techniques: leverage score sampling and branch-and-bound optimization.
The complexity for generating the tree structure (via exhaustive search) is O(n? - d3 - d3 - log k),
where k is the number of nodes in the tree, in contrast to O(n?) in a tensor Gaussian process [3].
This approach aligns with theoretical results on tensor decompositions and proves highly effective
in practice, especially for datasets exhibiting intrinsic low-rank structure.
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The theoretical analysis provided for both our linear solvers and nonlinear T'T models offers valuable
insights into their behavior and limitations. For the linear case, we provide detailed convergence
analysis, including results for both consistent and inconsistent systems. In the context of TT
models, we establish consistency guarantees for coefficient estimates and derive oracle bounds for
prediction errors.

Empirical evaluations on diverse datasets demonstrate the effectiveness of our approaches. In the
linear case, we show the efficiency of frontal slice methods in applications like image deblurring.
For non-linear regression, we compare T'T models against state-of-the-art approaches like tensor
Gaussian Processes, highlighting scenarios where T'T offers superior performance or significant
computational advantages.

From a numerical linear algebra perspective, our work opens several intriguing avenues for future
research. The frontal slice methods suggest possibilities for developing tensor analogues of classical
iterative methods. The efficient splitting criteria used in TT models could inspire new precondi-
tioning techniques for tensor computations. Furthermore, the integration of randomized algorithms
in both our linear solvers and regression models points to a broader trend of leveraging stochastic
methods to tackle high-dimensional problems.

In conclusion, our research demonstrates the power of combining insights from numerical linear
algebra with advanced statistical modeling techniques to address the challenges of tensor regression.
By developing scalable methods for both linear and non-linear tensor regression (including tensor-
on-tensor and tensor-on-scalar), we contribute to a comprehensive toolkit for tensor-based data
analysis, laying the groundwork for future advancements in high-dimensional data analysis and
scientific computing.
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Randomized Kaczmarz on doubly noisy systems and its applications

Anna Ma, El Houcine Bergou, Soumia Boucherouite, Aritra Dutta and Xin Li
Abstract

Large-scale linear systems, Ax = b, frequently arise in practice and demand effective iterative
solvers. Often, these systems are noisy due to operational errors or faulty data-collection processes.
In the past decade, the randomized Kaczmarz (RK) algorithm has been studied extensively as an
efficient iterative solver for such systems. However, the convergence of RK in the noisy system
regime is limited and typically only considers measurement noise in the right-hand side vector, b.
Unfortunately, in practice, that is not always the case; the coefficient matrix A can also be noisy.
In this talk, we present the analysis of the convergence of RK for doubly-noisy linear systems,
i.e., when the coefficient matrix, A, has additive or multiplicative noise, and b is also noisy. In
our analyses, we provide convergence bounds depending on the quantity R = ||Af||2||A||%,, where
A represents a noisy version of A. This work opens the doors to applications, two of which we
highlight in this talk. The first is additive preconditioning in which additive noise to the matrix is
intentionally added to improve the initial convergence of RK. The second considers the extremely
large-scale setting in which even entire rows of the matrix A cannot be loaded or used in a single
iteration. In such a case, we use noise to model the sparsification of the rows of A to decrease
computational memory or communication demand. The work presented is is joint work with El
Houcine Bergou, Soumia Boucherouite, Aritra Dutta and Xin Li [1].
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Efficient tensor network contraction algorithms

Lingian Ma, Edgar Solomonik
Abstract

Tensors are multidimensional arrays that generalize the vector and matrix concepts. Formally-
speaking, an N-way or Nth-order tensor is an element of the tensor product of N vector spaces. A
scalar, vector, and matrix correspond to tensors of order zero, one, and two, respectively. One of
the key challenges in working with high-order tensors is called the “curse of dimensionality”, where
tensors with large dimensionality can have an extremely large number of components, making it
difficult to analyze and extract meaningful information from them. Tensor networks are powerful
techniques for addressing this challenge. A tensor network [14] employs a collection of small ten-
sors, where some or all of their dimensions are contracted according to some pattern, to implicitly
represent a high-dimensional tensor. Tensor networks have been originally used in computational
quantum physics [23, 22, 24, 21, 20, 19], where low-rank tensor networks can be used efficiently
and accurately to represent quantum states and operators based on the area law. Recently, ten-
sor networks are also widely used in simulating quantum computers [11, 25, 18, 17] and neural
networks [13].

Tensor network contraction explicitly evaluates the single tensor represented by a given tensor
network. When each tensor in the network is dense, tensor network contraction is typically achieved
through a sequence of pairwise tensor contractions. This sequence, known as the contraction path,
is determined by a topological sort of the underlying contraction tree. The contraction tree is a
rooted binary tree that depicts the complete contraction of the tensor network. In this tree, the
leaves correspond to the tensors in the network, and each internal vertex represents the tensor
contraction of its two children.

Tensor network contraction has found diverse applications in different fields of research. For in-
stance, in quantum computing, each quantum algorithm can be viewed as a tensor network con-
traction, making this method a useful tool for simulating quantum computers [11, 25, 18, 17]. In
statistical physics, tensor network contraction has been used to evaluate the classical partition
function of physical models defined on specific graphs [8]. Tensor network contraction has also
been used for counting satisfying assignments of constraint satisfaction problems (#CSPs) [7]. In
this approach, an arbitrary #CSP formula is transformed into a tensor network, where its full
contraction yields the number of satisfying assignments of that formula.

Contracting tensor networks with arbitrary structure is #P-hard in the general case [3, 16, 1],
even when the network represents a scalar. The reason for this is that during the contraction
of general tensor networks, intermediate tensors with high orders or large dimension sizes can
emerge, leading to a substantial computational cost for precise contraction. Nonetheless, in some
applications such as many-body physics, it has been observed that tensor networks built on top of
specific models can often be approximately contracted with satisfactory accuracy, without incurring
exponential costs [15]. A common approach is to represent or approximate large intermediate
tensors as (low-rank) tensor networks, which reduces the memory usage and computational overhead
for downstream contractions. Common tensor networks used for approximation include the matrix
product states (MPS) and the tree tensor networks (TTN) [20].

Efficient approximate contraction algorithms based on MPSs have been proposed for tensor network
contractions defined on regular structures such as the Projected Entangled Pair States (PEPS)
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[21, 22, 10, 9], which has a 2D lattice structure. However, these methods are not easily extendable
to other general tensor network structures.

Recent works have proposed approximation algorithms for contracting tensor networks with more
general graph structures. For example, [6] approximates each intermediate tensor produced during
the contraction path as a binary tree tensor network, while [17] approximates each intermediate
tensor as an MPS. In [2], each intermediate tensor is also approximated as an MPS, but the
system is designed for the specific unbalanced contraction paths and only targets the approximate
contraction of tensor networks defined on planar graphs. Another approach proposed in [5] is to
perform low-rank approximation on the remaining tensor network after contractions, rather than
on the intermediate tensors. The experimental results demonstrate that this framework is more
efficient and accurate than [17].

We introduce two approximate tensor network contraction algorithms. First of all, we present a
swap-based algorithm named Contracting Arbitrary Tensor Network with Global Ordering (CATN-
GO) that can efficiently approximate the contraction of arbitrary tensor networks. Our algorithm
builds on the approach outlined in [17], which approximates each intermediate tensor generated
during the contraction as an MPS with a bounded rank. When contracting two tensors, the
algorithm merges two MPSs, with swaps of adjacent dimensions in the MPS being the bottleneck
for complexity.

For a tensor network defined on G = (V, E), we prove that the minimum number of swaps required
during contraction is lower bounded by the least number of edge crossings in any vertex linear
ordering of the tensor network graph, denoted by min, cr(G,0). A vertex linear ordering o :
V — {1,...,|V|} assigns each vertex a unique number, and two edges with adjacent vertex orders
(4,7), (k1) cross if i < k < j < l. Hence, we reduce the problem of finding the minimum number of
swaps to the problem of finding a vertex linear ordering that minimizes the number of edge crossings.
In addition, for a fixed vertex ordering ", the number of swaps used in CATN-GO equals the
lower bound, cr(G, "), implying optimality for this metric. Furthermore, CATN-GO includes a
dynamic programming algorithm to select the contraction tree under a given vertex ordering. This
algorithm aims to minimize the overall computational cost, under the assumption that all MPSs
have a uniform rank. The uniform rank assumption makes the problem equivalent to minimizing
the total length of the MPSs generated during the contractions and has a time complexity of
O(|[V]3|E|). Experimental results demonstrate that when contracting tensor networks defined on
3D lattices using the Ising model, our algorithm is more efficient than the algorithm proposed in
[17] in terms of speed, and achieves a 5.9X speed-up while maintaining the same accuracy.

We propose another approximate tensor network contraction method named Partitioned Contract.
Like similar methods proposed in [6, 17, 2], our algorithm approximates each intermediate tensor
as a binary tree tensor network. Compared to previous works, the proposed algorithm has the
flexibility to incorporate a larger portion of the environment when performing low-rank approxi-
mations. Here, the environment refers to the remaining set of tensors in the network, and low-rank
approximations with larger environments can generally provide higher accuracy. In addition, our
proposed algorithm includes a cost-efficient density matrix algorithm [12, 4] for approximating a
tensor network with a general graph structure into a tree structure. The computational cost of
the density matrix algorithm is asymptotically upper-bounded by that of the standard algorithm
that uses canonicalization (the process of orthogonalizing all tensors except one in the tenosr net-
work). Experimental results indicate that the proposed algorithm outperforms both algorithms
proposed in [17] and [2] when considering tensor networks defined on lattices using the Ising model.
Specifically, our approach achieves a 9.2X speed-up while maintaining the same level of accuracy.
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Backward stability of s-step GMRES

Yuxin Ma, Erin Carson
Abstract

Communication, i.e., data movement, is a critical bottleneck for the performance of classical Krylov
subspace method solvers on modern computer architectures. Variants of these methods which avoid
communication have been introduced, which, while equivalent in exact arithmetic, can be unstable
in finite precision. In this work, we address the backward stability of s-step GMRES, also known
as communication-avoiding GMRES. We present a framework for simplifying the analysis of s-
step GMRES, which includes standard GMRES (s = 1) as a special case, by isolating the effects
of rounding errors in the QR factorization and the solution of the least squares problem. Using
this framework, we analyze s-step GMRES with popular block orthogonalization methods: block
modified Gram—Schmidt and reorthogonalized block classical Gram—Schmidt algorithms.

An example illustrates the resulting instability of s-step GMRES when paired with the classical
s-step Arnoldi process and shows the limitations of popular strategies for resolving this instability.
To address this issue, we propose a modified Arnoldi process that allows for much larger block size
s while maintaining satisfactory accuracy, as confirmed by our numerical experiments.

PS: T am a postdoc researcher in Charles University. My interests are about numerical analysis and
high performance computing, i.e., mixed precision algorithms, communication-avoiding algorithms,
and finite precision analysis.
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Sign Characteristic in the Inverse Problem
for Hermitian Matrix Polynomials

D. Steven Mackey, F. Tisseur

Abstract

For any matrix polynomial P(\) = Z?:o MA;, Aj € F™™ there is a multiset! S comprising the
key structural data of P relevant for applications. This structural data consists of the elementary
divisors (finite and infinite) of P, together with its left and right minimal indices. The basic inverse
problem for matrix polynomials, then, consists of two parts:

Given a multiset S of structural data and a choice of degree d,

(a) does there exist any matrix polynomial P of degree d (of any size m x n) whose
structural data multiset is exactly S§7

(b) if such a matrix polynomial P exists, can one be explicitly constructed, especially
in such a way that the structural data in S is transparently visible in that P (e.g.,
in the spirit of the Kronecker canonical form), or at least can be exactly recovered
from P without any numerical computation, only combinatorial manipulations?

Analogous questions can be immediately posed for matrix polynomials restricted to various classes
of structured matrix polynomials important in applications, e.g., palindromic, alternating, or Her-
mitian matrix polynomials.

Much progress has been made on these questions in the last decade, although much remains to
be understood. Some of the earliest results on these questions were for general quadratic [3] and
quadratic palindromic matrix polynomials [4], where Kronecker-like quasi-canonical forms were
found. In the 2015 paper [5], De Teran, Dopico, and Van Dooren completely solved the existence
question (in part (a)) for general matrix polynomials of arbitrary degree over any infinite field
F, giving simple necessary and sufficient conditions for realizability of a structural data multiset.
However, the construction used to prove sufficiency in [5] produces a matrix polynomial realization
in which the given data S is usually not transparently visible anymore. Recent work in [8] has
substantially remedied this deficiency, giving a complete solution for part (b) of the inverse problem
for general matrix polynomials, but only over algebraically closed fields.

This talk, however, focuses more specifically on the inverse problem for Hermitian matrix polyno-
mials. This class of matrix polynomials has an additional element in its structural data multiset,
the sign characteristic, that is relevant for both theory and applications, playing an important role
in the bifurcations of dynamical systems, as well as the behavior of eigenvalues under structured
perturbations. First recognized and investigated in the seminal paper [7] as an important invariant
of Hermitian polynomials under unimodular congruence, the sign characteristic consists of a plus
or minus sign attached to each elementary divisor associated with a real or infinite eigenvalue.
In [7], the authors considered sign characteristic only for regular Hermitian polynomials with no
eigenvalues at co. But more recently, the concepts and results in [7] concerning sign characteristic
have been extended in [12] to include all Hermitian polynomials, both regular and singular, with
or without eigenvalues at co.

LA multiset is a set with repetitions allowed, i.e., a “set with multiplicities”. [9, p.454]
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Now for general Hermitian matrix polynomials, there are several well-known (pairing) constraints
on elementary divisors and minimal indices; e.g., for any Hermitian polynomial H(\), the multiset
of left minimal indices of H is identical to the multiset of the right minimal indices of H. But are
there any constraints on how signs can be attached to real and infinite elementary divisors? For
Hermitian pencils it is known that there are no constraints on signs; any real or infinite elementary
divisor may have any sign, in any combination with the signs of all of the pencil’s other elementary
divisors. This follows immediately from the canonical form for Hermitian pencils found in [10].

For higher degree Hermitian polynomials, though, there is one known constraint on signs. This is
the so-called signature constraint, first proved in [7] for regular Hermitian polynomials without any
infinite elementary divisors, and extended to all Hermitian polynomials in [12]. For even degree
Hermitian polynomials, the signature constraint says that the sum of the signs attached to all of
the odd degree real and infinite elementary divisors is zero. The constraint is somewhat more
complicated to state when the Hermitian polynomial H(\) has odd degree — in this case the
sum of the signs for odd degree elementary divisors of real eigenvalues together with those of the
even degree elementary divisors of an infinite eigenvalue must equal the signature of the leading
coefficient of H (hence the name of the condition).

Is the signature constraint the only condition on the sign characteristic? In the quadratic case, this
has recently been shown to be true [11]. But for all degrees higher than 2, this is not so. Starting
with degree 3, there are additional conditions on the sign characteristic that are independent of the
signature constraint. Unfortunately, the techniques used in [11] to solve the quadratic Hermitian
inverse problem do not easily extend to higher degrees, even to degree 3; there is a combinatorial
explosion of cases that make this approach intractable. Thus it is reasonable to restrict the problem
to something more manageable, yet still of some significance. Motivated by the recent investigations
into the generic behavior in various structured classes of matrix polynomials [1, 2], it is sensible to
restrict the question to Hermitian matrix polynomials in which all eigenvalues (including co) are
stmple. It is in this class that one can expect to find the structural data multisets that are generic
for all Hermitian polynomials. Going forward, then, we make the simple eigenvalue assumption.

When a Hermitian polynomial has all simple eigenvalues, the signs attached to these eigenvalues
can be naturally ordered to form a sign sequence. For an n X n Hermitian polynomial of degree d
with the maximum number (dn) of simple real eigenvalues, there are 29" conceivable sign sequences,
most of which cannot be realized by any degree d Hermitian polynomial. Perhaps surprisingly, it
is the order of the signs in a sign sequence that turns out to be crucial for Hermitian realizability,
but in ways that are not immediately apparent. For example, consider a 3 x 3 Hermitian matrix
polynomial of degree 4, with 12 simple real eigenvalues. It is easy to see that the sign sequence
++++++-———— satisfies the signature constraint for degree 4, but it can be shown that
this sign sequence cannot be realized by any 3 x 3 Hermitian polynomial of degree 4.

Is it possible to determine exactly which sign sequences are realizable and which are not? And
what role, if any, the degree might play in the story? This talk answers these questions, introducing
several new constraints on signs beyond the signature constraint, as well as an underlying group
of symmetries acting on the collection of all sign sequences, that sheds additional light on this
issue. The result of this analysis is a characterization of the sign sequences that are realizable
by a Hermitian matrix polynomial with all simple eigenvalues, as well as a solution of the inverse
problem for this class of Hermitian polynomials.

This characterization also allows us to get a quantitative sense for just how few of the possible
sign sequences are actually realizable. Consider again the scenario above, i.e., n X n Hermitian
polynomials of degree d with the maximum number (dn) of simple real eigenvalues, in particular
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the special case of n = 2 with any even degree d > 4. In this case the fraction of the 22¢

possible
sign sequences that satisfy the signature constraint is asymptotically O(ﬁ) as d — oo. By
contrast, however, the characterization implies that the fraction of possible sign sequences that are
actually Hermitian realizable is asymptotically 0(2%) as d — 0o. A reasonable conjecture is that
this asymptotic behavior will persist for other values of n and d. But this does at least show that
the number of realizable sign sequences can not only be exponentially smaller than the number
of all possible sign sequences, it can also even be exponentially smaller than the number of sign
sequences that satisfy the signature constraint. Hence we see that the signature constraint is by

itself very far from capturing the property of Hermitian realizability of sign sequences.

Finally, it is worth noting that the key tool for proving the necessity of these new constraints on the
sign characteristic is an old theorem of Rellich on analytic decompositions of analytic Hermitian
matrix-valued functions (see [12, Thm.2.1]). On the other hand, sufficiency of these new constraints
is proved using the new technique of product realizations of matrix polynomials [6].
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Solving Generalized Lyapunov Equations with guarantees: application to
the Reduction of Linear Switched Systems.

Mattia Manucci, Benjamin Unger

Abstract

We deal with the efficient and certified approximation of the generalized Lyapunov equation (GLEs)

M
AX +XA"+Y (NXN])+ BB =0, (1)
j=1

where A, N; € R"", A is Hurwitz, i.e., its spectrum is contained in the open left-half complex
plane, and B € R™*™ with m typically much smaller than n. GLEs with these features naturally
arise in the context of model order reduction (MOR) of bilinear control systems [2, j] and linear
parameter-varying systems as well as in the context of stochastic differential equations for stability
analysis [4]. For switched linear systems of the form

. { x(t) = Aypx(t) + Bypu(t), =(ty) =0,

y(t) = Cypyz(t), @

the authors of [(] introduced a balancing-based MOR method that requires the solution of certain
GLEs. In (E), ¢:R— J:={1,..., M} is the external switching signal, which we assume to be an
element of the set of allowed switching signals

S :={q: R — J | q is right continuous with locally finite number of jumps}. (3)

The symbols z(t) € R", u(t) € R™, and y(t) € R” denote the state, the controlled input, and
the measured output, respectively. The system matrices A; € R"*", B; € R"*", and C; € R”*"
correspond to the ordinary differential equation (ODE) active in mode j € J. Typically one
refers to (E) as the full-order model (FOM). Sample applications of switched systems include robot
manipulators, traffic management, automatic gear shifting, and power systems; see for instance [3]
and the references therein.

If (E) has to be evaluated repeatedly, for instance, in a simulation context for different inputs
or switching signals, or if matrix equalities or inequalities in the context of synthesis have to be
solved, then a large dimension n of the state renders this a computationally expensive task. In such
scenarios, one can rely on MOR and replace (B) by the reduced-order model (ROM)

5 { E(t) = AynZ(t) + Bypu(t), &(ty) =0,
! Y(t) = Cypx(t),
with Aj e R, Bj e R™™ and C’j € RP*", and » < n. In many cases, see for instance [1], the

reduced system matrices are obtained via Petrov—Galerkin projection, i.e., one constructs matrices
V,W € R™" and then defines

(4)

1. — W' >IN v vl .
A =W'TAV, B;:=W'B,, C,=C,V. (5)

The goal of MOR is thus to derive in a computationally efficient and robust way the matrices W, V'
such that the error y — ¢ is small in some given norm. One way to do so, originally presented in [6],
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is to solve opportune defined GLEs to obtain the projection matrices W,V and thus the reduced
system (f}). Therefore, solving efficiently large-scale generalized Lyapunov equation becomes crucial
for MOR. More in detail the MOR algorithm from [(] proceeds in two steps. First, we have to define
the matrices A := A; and N; := A; — A, for j =1,..., M and solve the GLEs

M

AP +PAT+Y (NjPNjT + BijT) —0, (62)
j=1
M

ATQ+a+Y (N on; +cfc)) =o. (6b)
j=1

Note that the matrix equations in (E) are of the form @) by defining B := [By,..., B),] for (@)
and B := [CY,...,C};], taking the transport on the other matrices for (6H). The symmetric and
positive semi-definite solutions P, Q € R™*" are referred to as the Gramians of (). Second, let
P =8S" and Q = RR' and compute the singular value decomposition (SVD) of the product of

the Gramians factors

STR=0LU [ g | (7)

and the projection matrices V and W are obtained via
V=8Ux"? and W =RV;5;"% (8)

This procedure is denoted as square-root balanced truncation (see [, Sec. 7.3]). The use of the
solutions of (f) as system Gramians is justified by [6, Thm. 3], where the authors show that the
image of P and O encode the reachability set and observability set of the switched system (E)

Main contributions: To deal with the large-scale setting, we apply the stationary algorithm
from [7] in combination with a subspace projection framework [8] to solve GLEs. We emphasize
that this is a common strategy in the literature when dealing with GLEs. Our first contribution is
the derivation of efficiently computable error estimates such that for any prescribed user tolerance
tol an approximation X of @) with guaranteed bound || X — X||; < tol can be computed. Second,
we show how the numerical error introduced in approximating (ﬂ) may deteriorate the quality and
the stability of the ROM (@) This motivates us to propose a novel strategy that, by relying on
the error certification provided by our algorithm, ensures stability and error certification of the
MOR system. Finally, the results are validated through a synthetic example and a switched system
arising from a parametric partial differential equation (PDE).
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Inverse Eigenvalue Difference Problems Arising in Quantum Sensing

Boaz Ilan, Roummel Marcia, Michael Scheibner, and Kyle Wright

Abstract

This research is motivated by the emerging field of quantum sensing, which facilitates high-
resolution sensing of gravitation, acoustic waves, and electromagnetic fields [1, 3, 4]. The discrete
energy levels of coupled quantum dots (QDs) can be represented as eigenvalues of a quantum
Hamiltonian matrix, whose entries are defined as polynomials of an applied electric field [2, 5].
Our aim is to recover the coefficients of these polynomials, which correspond to intrinsic physical
constants, such as spin-coupling strength. The eigenvalue differences can be obtained from experi-
mental measurements for varying electric field values. Standard inverse eigenvalue problems (IEP)
seek to recover a constant matrix from the eigenvalues. In contrast, here the matrix elements are
functions of a “tunable” parameter (the applied electric field) and only the differences between the
eigenvalues are known. We formulate this as an inverse eigenvalue difference problem (IEDP).

Problem formulation. The steady-state energy levels of coupled QDs correspond to eigenvalues
of quantum Hamiltonians. Specifically, the ground state of this system can be described by a 3 x 3
real symmetric matrix [2] of the form

gi(F) o Y1
GIF)=1| vo 90F) w2 |, (1)
Y1 v2  g3(F)

where the diagonal elements depend quadratically on the applied electric field, F' € R, as
9i(F) = a; + BiF +vF?, i=1,2,3, (2)

where the coefficients {«;, 8;,7;} are real. We note that the assumption that the off-diagonal
elements are independent of F' is a good approximation for weak electric fields and for weak tunnel
coupling between the QDs. We shall further assume that y; = yo and yo = 0, which corresponds
to symmetries between QDs.

Since G(F') is symmetric, its eigenvalues are real. We denote its eigenvalues by {&1(F), §&2(F), £3(F) }.
The physical measurements can be used to determine the differences between the eigenvalues of G.
Thus, the measured data is provided over a set of n values of F' € R, denoted by {Fj}}?_,. The
eigenvalue differences are denoted by

Dy 1 (F) = &(F) — &(F), 3)
D31 (F) = &(F) = &(F), (4)
D32(F) = &(F) = &(F). ()

Note that D3 o(F) = D3 1(F') — Do 1(F'). Hence, we consider the measured dataset to be

M = {Fy, D21 (Fy), D31(F)},_, - (6)

Our objective is to recover the coefficients that define G(F). We can prove that, without loss
of generality, one can set gi(F) = 0. This has the effect of eliminating an arbitrary shift in the
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diagonal elements and in the eigenvalues of G(F') that would satisfy the dataset M. We shall do
so henceforth and redefine G as

0 o Yo
G(F)=|yo g20F) 0O : (7)
vo 0  g3(F)

We denote the vector of coefficients as p = [yo, @2, B2, 72, @3, #3,v3] € R”. In this work, we seek to
solve the following:

Inverse Eigenvalue Difference Problem (IEDP)

Given the eigenvalue difference dataset M in (6), find coefficients p, such that G(F) in (7)
generates M.

In particular, our work addresses two inter-related questions:

1. What optimization approach is efficient for solving this IEDP, especially in the presence of
noisy data?

2. What domain knowledge can we utilize to improve the efficacy of the proposed approach?
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On the quasiseparability of the solution of continuous-time Riccati
equations with quasiseparable coefficients

Stefano Massei, Luca Saluzzi

Abstract
Solving large-scale continuous-time algebraic Riccati equations (CARE) of the form
ATX + XA-XFX+Q=0, (1)

is a significant challenge in various control theory applications. When the numerical range W(A) of
A is in the left part of the complex plane, and F, (Q are low-rank matrices the stabilizing solution X
is numerically low-rank. The latter property can be shown by rewriting (1) as a Sylvester equation
with low-rank right-hand side, and by applying singular values inequalities for the solution of this
type of equations [1]. In this scenario, one can apply Krylov subspace projection methods or
ADI-type methods to efficiently get approximate solutions.

This work is concerned with the non standard large-scale case where the coefficients A, F, Q are full
rank quasiseparable matrices, i.e., all their offdiagonal blocks are low-rank. Within this setting,
we provide decay bounds for the singular values of the offdiagonal blocks of X, justifying the
approximability of X by a quasiseparable matrix. To derive these bounds we relate a generic
offdiagonal block with the solution of a Sylvester equation with low-rank right-hand side; note
that, this can not be trivially obtained by moving the term @@ — X F'X to the right-hand side of (1).
Our results establish a link between the rate of decay of the offdiagonal singular values and certain
rational approximation problems, known as Zolotarev problems, involving the set W(L™'AL),
where F' = LL" is a Cholesky factorization of F. More explicitly, for a generic offdiagonal submatrix
M of X, we get inequalities of the form

Uht+r(M)

X <k Zn(W(L'AL),-W(L'AL)), h=1,2,3,...,
2

where the shift parameters ¢,7 > 0 depend only on the quasiseparable ranks of the coefficients
of the CARE, k is a constant including the condition number of F', and Zj indicates the op-
timal value of the aforementioned Zolotarev problem. When W(L™'AL) C C~, the quantity
Zn(W(LYAL), ~W(L7YAL)) decays rapidly as h increases.

Quite interestingly, the rank of the offdiagonal submatrices of X are linked to the tensor train ranks
(TT ranks) of the tensor train representation of the value function

V(y) =y Xy

associated with the solution of the CARE [3]. As a byproduct of our analysis, we improve and
enlarge the scope of existing upper bounds for the numerical TT ranks of V(y) [2, Theorem 3.1].

From the algorithmic view point, we propose two fast Riccati solvers: the first one applies to CAREs
with quasiseparable coefficients, and the second one specific to the banded case. The former method
exploits the representation of A, F, and @, in the hierarhcically semiseparable format (HSS) [7],
and is based on a divide-and-conquer scheme, similarly to other recent solvers for matrix equations
with hierarchically low-rank coefficients [4, 5]. The method for the banded coefficients case aims
at providing a sparse approximation of X, by means of an inexact Newton-Kleinman iteration
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(NK) combined with a thresholding mechanism that keeps under control the level of sparsity of
the iterates. Under reasonable assumptions, both algorithms have at most a linear-logarithmic
complexity; when the NK iterate remains sufficiently banded, the second procedure provides a
significant speed up thanks to the use of sparse arithmetic.

The content of this talk is based on [6].
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Shift-and-invert Arnoldi for singular eigenvalue problems

Karl Meerbergen, Zhijun Wang

Abstract

The solution of the regular n x n generalized eigenvalue problem Ax = ABx is pretty well un-
derstood. This is not so for singular pencils, i.e., pencils for which A — AB is singular for any
A € CU{oo}. We say that A is an eigenvalue iff the rank of A — AB is below the normal rank, i.e.,
the maximum rank of A — 0B for 0 € CU {c0}.

The staircase method separates the regular and singular parts of the pencil using the Kronecnker
canonical form. The QZ method can also perform such a separation but may suffer from numerical
instabilities. Recently, a rank perturbation was proposed [1][2] which is related to a bordered
regular pencil. In this talk, we use a border of the form

A—)XB W
vT 0

where W and V are chosen so that both

[A—AB W] and [A_AB]

VT

have rank n for all A. This bordered eigenvalue problem has a spurious infinite eigenvalue, and
may have spurious finite eigenvalue too, but for every eigenvector a simple test can be performed
to check whether the eigenvalue is true or spurious.

The aim is to solve the bordered eigenvalue problem using the shift-and-invert Arnoldi method.
We employ a special inner product and implicit restarting to reduce the impact of the infinite
eigenvalue. To determine a suitable V' and W we propose a rank revealing LU factorization that
should enable computations for large sparse problems. We illustrate the algorithm and the theory
for problems arising from multiparameter eigenvalue problems, rectangular pencils and singular
quadratic eigenvalue problems.
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Regularization and stabilization of port-Hamiltonian descriptor systems via
output feedback

Volker Mehrmann, Delin Chu

Abstract

The structure preserving stabilization of (possibly non-regular) linear port-Hamiltonian descriptor
(pHDAE) systems by output feedback is discussed. While for general descriptor systems the char-
acterization when there exist output feedbacks that lead to an asymptotically stable closed loop
system is a very hard and partially open problem, for systems in pHDAE representation this prob-
lem can be completely solved. Necessary and sufficient conditions are presented that guarantee that
there exist a proportional output feedback such that the resulting closed-loop port-Hamiltonian de-
scriptor system is (robustly) asymptotically stable. For this it is also necessary that the output
feedback also makes the problem regular and of index at most one. A complete characterization
when this is possible is presented as well.
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Exploiting mathematical structures in spectral imaging to accelerate
experiments and improve iterative reconstructions

Maike Meier, Hussam Al Daas, Boris Shustin, Lorenzo Lazzarino, and Paul Quinn
Abstract

Spectral imaging covers a range of techniques that aim to reconstruct the chemical state and
structural properties of materials. Samples are simultaneously imaged in space, using methods
such as microscopy, ptychography, or tomography, as well as resolved in the spectral dimension,
giving information about chemical composition. Long acquisition times, sample degradation, and
low signal-to-noise ratios plague spectral imaging; what is needed are ways to get more out of the
data with fewer experiments.

Although a spectral imaging dataset is necessarily a three-dimensional tensor, its underlying di-
mension is small. In real space, the sample consists of a small number of spectrally distinguishable
components present in each pixel in varying thicknesses. We develop computational routines to
exploit this low-dimensionality; both in the experimental design phase, as well as in the reconstruc-
tion phase. By leveraging established NLA techniques such as random leverage-score sampling [2],
CUR decompositions [5], iterative non-negative factorisation [3], and regularisation, we accelerate
spectral imaging experiments through subsampling and improve reconstructions.

For example, consider spectro-microscopy, which combines spectroscopy and microscopy. The un-
derlying structure of a (flattened) dataset is

D = Pois(ut), pe RgEOXS, te Rggnxny,

where p are absorption spectra in ng energies of S different components and ¢ are thickness maps
of the corresponding components in the nxny pixels. We firstly develop a data-driven scheme
to determine what entries of the dataset should be measured and what measurements can be
skipped, building on [7]. The scheme is based on leverage score sampling important wavelengths
and important pixels, determined on-the-fly. The result is a non-negative dataset with 80-95%
missing entries. We show that if the measured entries are structured in columns and rows of the
flattened dataset, reconstructions are significantly more accurate than random missing entries.

Furthermore, we provide a novel algorithm to reconstruct a non-negative factorisation from a
dataset with missing entries, which is especially efficient for a CUR decomposition of the data.
This algorithm also allows regularisation, and leads to more physically-relevant reconstructions
than existing methods [4].

We present similar schemes for spectro-ptychography [1], in which the low-rank structure is not
readily present in the measured datasets. This leads to a combination of non-negative factorisation
schemes combined with nonlinear conjugate gradient algorithms [6].

The work demonstrates that numerical linear algebra results from the last two decades have a
wealth of applications beyond straightforward large-scale matrix manipualtions. In particular, the
ideas of modern NLA can be applied before any data has been obtained, to aid in experiment design
and accelerating acquisition times.
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On the Convergence of the CROP-Anderson Acceleration Method

Agnieszka Miedlar, Ning Wan

Abstract
Consider the following problem: Given a function g : C* — C" find z € C™ such that

r = g(z), oralternatively f(z) = 0, with f(z):=g(z)—=. (1)
Obviously, a simplest method of choice to solve this problem is the fixed-point iteration
25 = g(z®)), for all ke N. (2)

Unfortunately, its convergence is often extremely slow. The problem of slow (or no) convergence
of a sequence of iterates has been extensively studied by researchers since the early 20th century.
Aitken’s delta-squared process was introduced in 1926 [1] for nonlinear sequences, and since then,
people have been investigating various extrapolation and convergence acceleration methods with
Shanks transformation [2] providing one of the most important and fundamental ideas. In the
following, we will consider two mixing acceleration methods: the Anderson Acceleration [3, 4] (also
referred to as Pulay mixing [5, 6] in computational chemistry) and the Conjugate Residual algo-
rithm with OPtimal trial vectors (CROP) [7, 8]. Anderson Acceleration method has a long history
in mathematics literature, which goes back to Anderson’s 1965 seminal paper [3]. Over the years,
the method has been successfully applied to many challenging problems [9, 10, 11]. An indepen-
dent line of research on accelerating convergence of nonlinear solvers established by physicists and
chemists has led to developments of techniques such as Pulay mixing [5, 6], also known as the
Direct Inversion of the Iterative Subspace (DIIS) algorithm, which is instrumental in accelerat-
ing the Self-Consistent Field (SCF) iteration method in electronic structure calculations [12]. It
is well-known that Anderson Acceleration method has connections with the Generalized Minimal
Residual Method (GMRES) algorithm [13, Section 6.5] and can be categorized as a multisecant
method [14, 15, 16, 17]. The first convergence theory for Anderson Acceleration, under the as-
sumption of a contraction mapping, appears in [18]. The convergence of Anderson(1l), a topic
of particular interest to many researchers, is discussed separately in [19, 20]. The acceleration
properties of Anderson Acceleration are theoretically justified in [21, 22]. For detailed and more
comprehensive presentation of history, theoretical and practical results on the acceleration methods

and their applications we refer readers to [23, 24] and references therein.
Given Anderson iterates xff), k =0,1,... and corresponding residual (error) vectors, e.g., flgk) =

(k)

g(azf)) —x’, consider weighted averages of the prior iterates, i.e.,

(k) (k)
B O ) (kem® i) )N (k) plkem® i)
Ty ::ZaA7i$A A and  fy ‘:ZO‘A,Z‘fA AT (3)
i=0 i=0
m)
with weights a(:)o, . ,a(j) ) € R satisfying Z aff)i =1, a fixed depth (history or window size)
) ’mA ‘ )
1=0
parameter m and a truncation parameter m(:) := min{m, k}. Anderson Acceleration achieves a

faster convergence than a simple fixed-point iteration by using the past information to generate
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new iterates as linear combinations of previous mgc) iterates [5, 6, 14], i.e.,
k+1 _(k #(k
$E4 ):x(A)‘f‘B(k)f,g)

(k)

k) 1S (k) (k=m{)+i) (k) (S (k) o (k—m'$)+4) @
) D oy Y Y g Tma),

i=0 i=0
with given relaxation (or damping) parameters (¥} € Rt and mixing coefficients afﬁ eR, i=
0,. mff) selected to minimize the linearized residual (error) of a new iterate within an affine
space Aﬁ{ (k=my ) . f A )} i.e., obtained as a solution of the least-squares problem

mxe e m()

min Z a; 1(4 A )| Z a; = 1. (5)
CMQ,A..,CMmEf) i—0

Note that in the case of §(¥) = 1 a general formulation (4) introduced in the original work of
Anderson [3, 4] reduces to the Pulay mixing [5, 6], i.e.,

m

ot Z (o’ +9) 6)

=0

The CROP method, introduced in [7], is a generalization of the Conjugate Residual (CR) method [13,

Section 6.8], which is a well-known iterative algorithm for solving linear systems. Analogously,
(k) @) ._ (+1) (9)

we consider iterates z’, a sequence of recorded search directions Azy = z" ' — x5, i =
k — mgf), ...,k —1, and the residual (error) vectors fék) generated by the CROP algorithm. Then
the new search direction Ang) = (clfﬂ) — a:(clf) is chosen in the space spanned by the prior m(clf)

()

search directions Amc Ji=k— m(k) ..

.,k —1 and the most recent residual (error) vector fék), ie.,

(k1) _ () = A0 DI
To = x5’ + Z niAxy, + e fo,  with some Meml® == M eR.
i:k—mgc)
Let us assume we have carried k steps of the CROP algorithm, i.e., we have the subspace of optimal

vectors span{x(cl), .. af(ck)} at hand. From the residual vector fék), we can introduce a preliminary

(k)

improvement of the current iterate x”, i.e.,

~(k+1 k)

et =) + 1. (7)
Now, since (7) is equivalent to f = gﬂﬂ) x(c]f), we can find the optimal vector a:(clfﬂ) within

the affine subspace span{:cg), T k (C } ie.,

m((jl’Cle)_l mgc+1)
(k+1) _ (h+1) (k+1-mEt i) (k1) ~(k+1) : (k+1)
To = Z ag; Ty c tag nTo S with Z ag; =1 (8)
i=0 e i=0
(k+1) (k+1)

The estimated residual (error) f, corresponding to the iterate z " is constructed as the linear
combination of the estimated residuals of each component in (8) with the same coefficients, i.e.,

(k+1)
me —1
k41 k1) p(k+1—mETD 4y k1) k41
fé‘ ) = Z a(qi )fc e +a ( (k+1).]?( ), 9)
i—0
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Note that in general, unlike for the Anderson Acceleration method, fékH) #* f (a:(clfﬂ). Minimizing

the norm of the residual (error) defined in (9) results in a constrained least-squares problem

mit 1 ) (R HD)
) 4 (k+1—m&E+D 1) 2(k+1) < (k+1)
min E a;fe @ +oa e fo ,  such that E an,; =1 (10)
Q0@ (ot 1) P c 9 P ’
C - =i

Anderson Acceleration method is a well-established method that allows to speed up or encourage
convergence of fixed-point iterations and it has been successfully used in a variety of applications.
In recent years, the Conjugate Residual with OPtimal trial vectors (CROP) algorithm was intro-
duced and shown to have a better performance than the classical Anderson Acceleration with less
storage needed. In this work we aim to delve into the intricate connections between the classical
Anderson Acceleration method and the CROP algorithm. Our objectives include a comprehensive
study of their convergence properties, explaining the underlying relationships, and substantiating
our findings through some numerical examples. Through this exploration, we contribute valuable
insights that can enhance the understanding and application of acceleration methods in practical
computations, as well as the developments of new and more efficient acceleration schemes. In par-
ticular, we will discuss the connection between the CROP algorithm and some other well-known
methods, analyze its equivalence with Anderson Acceleration method and investigate convergence
for linear and nonlinear problems. We will present a unified Anderson-type framework and show
the equivalence between Anderson Acceleration method and the CROP algorithm. Moreover, we
will compare the CROP algorithm with some Krylov subspace methods for linear problems and
with multisecant methods in the general case. We will illustrate the connection between the CROP
algorithm and Anderson Acceleration method and explain the CROP-Anderson variant. Further-
more, we will show situations in which CROP and CROP-Anderson algorithms work better than
Anderson Acceleration method. We will discuss the convergence results for CROP and CROP-
Anderson algorithms for linear and nonlinear problems, and extend CROP and CROP-Anderson
algorithms to rCROP and rCROP-Anderson, respectively, by incorporating real residuals to make
them work better for nonlinear problems.
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Interpolation-Based Algorithms to Compute the H,, Norm
of a Parametric System

Peter Benner, Tim Mitchell
Abstract

Consider the following continuous-time linear time-invariant parametric system:

E(p)z = A(p)z + B(p)u (1a)
y=C(p)x + D(p)u, (1b)

where matrices E(p), A(p) € C™*", B(p) € C™*™, C(p) € CP*", and D(p) € CP*™ describe the
dynamics and vary continuously with respect to the real-valued scalar parameter p € P C R,
while the vectors x € C", u € C™, and y € CP respectively describe the state, input, and output.
The Hoo norm of (1) is an important quantity in many domains. In engineering applications, it
measures how robust the system remains in the presence of noise, while in model order reduction, it
is used to measure how well a reduced-order model mimics the dynamical behavior of a large-scale
system. For a fixed value of p € P, globally convergent methods for computing the H., norm go
back to [BB90, BS90], but here we are interested in efficiently computing the worst (highest) value
of Hoo morm of (1) that occurs over the parameter domain P, which we denote hy, or said another
way, the parameter(s) p, € P where h, is attained and (1) is the least robust to noise.

We begin with some preliminaries. We assume that the matrix pencil AE(p) — A(p) is regular
and rank 1 for all values of p € P, all the matrices are differentiable with respect to p (except
for possibly on a subset of P of measure zero), and that the parameter domain consists of a finite
number of intervals. The associated transfer function for (1) is

G(s;p) = C(p) (sE(p) — A(p)) ' B(p) + D(p), (2)

where s € C, and for a fized value of p, its Ho, norm is defined as
IG(; p)lloo = max [|C(p) (sE(p) — A(p)) ™" B(p) + D(p)|l2 = max g(s; p), (3)
seCqt seCt

where C is the closed right half of the complex plane. If the system is known to be asymptotically
stable, then the H,, norm coincides with the L., norm, i.e., the maximization of the norm of the
transfer function can be limited to the imaginary axis instead of all C. For fixed p, let A be such
that det(AE(p) — A(p)) = 0 and let = and y respectively be its right and left eigenvectors. Then
eigenvalue \ is controllable if B(p)*y # 0 and it is observable if C(p)z # 0. Then ||G(+;p)|locc < 00
provided that all the eigenvalues of AE(p) — A(p) that are both controllable and observable are
finite and in the open left half plane. In sum, our quantities of interest are given by

he=max|Glip)lw  and . = argmax |G(:p)lx. @)
One direct way to estimate h, would be to simply evaluate (3) using the standard level-set
method [BB90, BS90] over a grid on the parameter domain P, but doing so provides no guar-

antee that h, will be estimated to even moderate accuracy. A more refined yet still rather direct
approach would be to globally approximate the value of ||G(:;p)|lcc as it varies with p over P,
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say, by using Chebfun [DHT14], and then simply extract h, and p, from the resulting inter-
polant!, but this is likely to be unnecessarily expensive. For each evaluation of ||G(+;p)leo, Of
which many will be needed, the standard level-set method generally needs several iterations of
computing the 7-level set points of g(iw), which involves computing all imaginary eigenvalues of
the matrix pencil M, (p) — AN, (p), where

M. (p) = [A(p) — B(p)R(p)"'D(p)*C(p) —vB(p)R(p) "' B(p)* (50)
7 7C(p)S(p)~'C(p) —(A(p) — B(p)R(p) ' D(p)*C(p))*]’

N’Y(p) = |:Eép) E(?))*] ) (5b)
R(p) = D(p)*D(p) — +°I, (5¢)
S(p) = D(p)D(p)* —~*I. (5d)

The cost can be significantly reduced by instead using the Ho-norm method of [BM18], as it
typically reduces the number of eigenvalue computations of M, (p) — AN, (p) to just one or two
values of . However, if the system (1) is unstable for some values of p € P, then h, = o0,
but many eigenvalue computations of M, (p) — AN,(p) may be incurred to ascertain that fact in
the process interpolating ||G(+;p)|cc over P. This suggests that in order to be efficient, a new
algorithm that first separately addresses the question of stability and then only proceeds with
further computation when hy < 0o is needed.

For any p € P, define

A(p) ={A € C:det(AE(p) — A(p)) = 0, A is both controllable and observable}, (6a)
a(p) = max{ReA: XA € A(p)}, (6b)

where we take Re A = +oo for any non-finite A € A(p). Then the system (1) is asymptotically
stable if
ay = max a(p) < 0, 7
= maxa(p) 7)
and so we can determine if i, < oo by approximating function o over P using Chebfun, as has been
done in [HMMS22] to check stability when constructing stable Ho ® Lo reduced order models for
parametric systems via optimization. Although « may be discontinuous, either because P consists
of more than one interval or an eigenvalue becomes or ceases to be controllable or observable as p
varies, Chebfun can reliably approximate functions with jumps [PPT10].

Although we propose using global approximation of « to ascertain h, < 0o, we do not suggest glob-
ally approximating ||G(+; p)||co to compute h, when it is finite. Instead, we propose an optimization-
with-restarts method that directly computes local maximizers of the two-real variable optimization
problem

B :werﬁfépg(imp)’ (8)

and then uses an interpolation-based globality certificate to either certify that the local maximizer is
in fact a global maximizer where hy is attained or provides new starting points on the y-level set of g
to restart the local optimization phase, where v = g(iw, p) for a computed local maximizer (w, p).
Interpolation-based globality certificates were first conceived in [Mit21] to develop faster and more
reliable algorithms for computing Kreiss constants and the distance to uncontrollability and have
since been extended to computing the quantity sep-lambda [Mit23].

LChebfun can do this extraction phase exceptionally fast as it produces a piecewise Chebyshev polynomial.
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Even though g may have points where it is a nonsmooth, the subset of such points has measure
zero, so obtaining local maximizers of g can be done with relative ease and efficiency using gradient-
based methods such as BFGS [LO13] or gradient sampling [BCL*20], particularly since there are
only two optimization variables and often m,p < n. Then, with a candidate local maximizer (@, p)
of g in hand and v = g(iw, p), we check whether it is a global maximizer by approximating the
one-variable function

cy(p) = min{(Re \)? : det(M,(p) — AN,(p)) = 0,Re \ > 0}, (9)

which is continuous on each interval in P and where the squaring acts to smooth out non-Lipschitz
behavior when a double imaginary eigenvalues bifurcates into a pair of eigenvalues with imagi-
nary axis symmetry. Function ¢, is analogous to the eigenvalue-based functions that are globally
approximated in the interpolation-based globality certificates used in [Mit21, Mit23], and in our
setting here, has the following key properties:

(i) cy(p) >0 for all p € P.
(ii) If v > h,, then ¢, (p) > 0 for all p € P.

(iii) If v < hy, then ¢y(p) = 0 holds on subset of P with positive measure.

By approximating ¢, globally on P, we can determine whether or not v is above or below h,.
When it is below, we need only find zeros of ¢, which are relatively easy to find by Property (iii).
Meanwhile, if v > h,, which will be true if (@,p) is a global maximizer and we perturb the
value v = g(iw, p) slightly upward by a tolerance, then globally approximating ¢, determines that
it is strictly positive on P, thus certifying that (@, p) is indeed a global maximizer and h, has been
attained. A practical benefit of approximating ¢, is cost; evaluating c(p) always only requires
a single eigenvalue computation with M, (p) — AN,(p) and negligible amount of constant-time
additional work, while evaluating ||G(-;p)|lcc may require more than one eigenvalue computation
and also does other non-constant-time work on top of that.

In general, only a handful of restarts are needed by our method and the overall work is almost
entirely dominated by approximating the function c, for the final value of v ~ h,, properties which
we have also observed in our prior work with interpolation-based globality certificates [Mit21,
Mit23]. In total, the algorithm requires O(kn3) work, where k is the total number of evaluations
of ¢, over all values of 7. Although k may be large, it often is not strongly correlated with the
number of system states n, and it corresponds to a task that is embarrassingly parallel and so its
effect can be significantly diminished on multi-core machines. Consequently, our method tends to
act like a cubically scaling method that has a large constant term. We have also extended this
approach to compute the worst-case Hoo norm of parametric discrete-time systems. In contrast,
while it might be possible to extend 2D level-set tests [Gu00, GMO™06, GO06, Mit20] to finding
a global maximizer of g or its discrete-time analogue, at least in some cases, based on our past
experience with that technique, we believe the resulting methods would likely be both much slower
and less reliable due to rounding error.
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A Million-Dollar Matrix

Cleve Moler
Abstract

The Redheffer matrix has been included in the MATLAB Gallery for many years, but, until now,
I didn’t know much about it. The Riemann Hypothesis is subject of one of the Clay Mathematics
Institute Millenium Prizes that are worth one million dollars each.

If we could find an n-by-n Redheffer matrix
R = gallery("redheff',n)

with a determinant that satisfies
det(R) > sqrt(n)
it would be worth a million dollars.

For over 100 years, mathematicians believed that such an n might exist. This is the story of
Redheffer matrices, the Mertens conjecture, five different ways to compute n, and the proof that a
prize-winning matrix does not exist.

https://blogs.mathworks.com/cleve/2024/10/22/mobius-mertens-and-redheffer
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MINARES: An Iterative Solver for Symmetric Linear Systems

Alexis Montoison, Dominique Orban, Michael Saunders

Abstract

1 MinAres

Suppose A € R™™" is a large symmetric matrix for which matrix-vector products Av can be
computed efficiently for any vector v € R™. We present a Krylov subspace method called MINARES
for computing a solution to the following problems:

Symmetric linear systems: Az = b, (1)
Symmetric least-squares problems: min | Az — b||, (2)
Symmetric nullspace problems: Ar =0, (3)
Symmetric eigenvalue problems: Ar = Ar, (4)
Singular value problems for rectangular B: [ BT B} [Z] =0 [Z] . (5)

If A is nonsingular, problems (1)—(2) have a unique solution z*. When A is singular, if b is not in
the range of A then (1) has no solution; otherwise, (1)—(2) have an infinite number of solutions,
and we seek the unique x* that solves the problem

min §[|z[? st A%z = Ab. (6)

Let zp be an approximation to x* with residual rp = b — Axg. If A were unsymmetric or rect-
angular, applicable solvers for (1)—(2) would be LsQr [10] and LsMmR [3], which reduce ||| and
| ATry|| respectively within the kth Krylov subspace Kj(ATA, ATb) generated by the Golub-Kahan
bidiagonalization on (A4,b) [4].

For (1)—(5), our algorithm MINARES solves (6) by reducing || Arg|| within the kth Krylov subspace
Ki(A,b) generated by the symmetric Lanczos process on (A,b) [6]. Thus when A is symmetric,
MINARES minimizes the same quantity ||Arg|| as LSMR, but in different (more effective) subspaces,
and it requires only one matrix-vector product Av per iteration, whereas LSMR would need two.

Qualitatively, certain residual norms decrease smoothly for these iterative methods, but other
norms are more erratic as they approach zero. It is ideal if stopping criteria involve the smooth
quantities. For LsQRr and LSMR on general (possibly rectangular) systems, ||ri|| decreases smoothly
for both methods. We observe that while LSQR is always ahead by construction, it is never by very
much. Thus on consistent systems Az = b, LSQR may terminate slightly sooner than LSMR. On
inconsistent systems Az ~ b, the comparison is more striking. || A%rg|| decreases erratically for
LsQRr but smoothly for LsSMR, and there is usually a significance difference between the two. Thus
LSMR may terminate significantly sooner [3].

Similarly for MINRES [9] and MINARES, ||r|| decreases smoothly for both methods, and on consis-
tent symmetric systems Az = b, MINRES may have a small advantage. On inconsistent symmetric
systems Az ~ b, ||Arg| decreases erratically for MINRES and its variant MINRES-QLP [2] but
smoothly for MINARES, and there is usually a significant difference between them. Thus MINARES
may terminate sooner.
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MINARES completes the family of Krylov methods based on the symmetric Lanczos process. As it
minimizes ||Arg|| (which always converges to zero), MINARES can be applied safely to any symmetric
system.

On consistent symmetric systems, MINARES is a relevant alternative to MINRES and MINRES-QLP
because it converges in a similar number of iterations if the stopping condition is based on ||rg|,
and much sooner if the stopping condition is based on ||Arg||. On singular inconsistent symmetric
systems, MINARES outperforms MINRES-QLP and LSMR, and should be the preferred method.
Furthermore, a lifting step [7] can be applied to move from the final iterate to the minimum-length
solution (pseudoinverse) at negligible cost.

2 CAr

We introduce CAR, a new conjugate direction method similar to CG and CRr (the conjugate gradient
and conjugate residual methods of Hestenes and Stiefel [5, 11] for solving symmetric positive definite
(SPD) systems Az = b). Each of these methods generates a sequence of approximate solutions x
in the Krylov subspaces Ky (A, b) by minimizing a quadratic function f(x):

fea(z) = 2aTAx — "2, fon(z) = 3| Az —b]]°,  foan(z) = 5| A% — Ab|*.

CAR is to MINARES as CR is to MINRES. For SPD A, CAR is mathematically equivalent to
MINARES, and both methods exhibit monotonic decrease in || Arg||, ||rk|l, ||zr—2*], and ||xg—z*| 4.
The name CAR reflects its property of generating successive A-residuals that are conjugate with
respect to A. Designed to minimize ||Arg| in Kk (A, b), CAR complements the family of conjugate
direction methods CG and CRr for SPD systems.

Algorithm 1 Ca
Require: A, b, e >0

Algorithm 2 Cr
Require: A, b, e >0

Algorithm 3 CAR
Require: A, b, ¢ >0

k':(),l‘o:[) /{:0,.%0:0 kZO,J}O:O
ro = b, po =10 ro = b, po =10 ro =b, po =10
qo = Apo so = Arg, qo = S0 50 = Arg, qo = so
to = ASO, ug = to
po = T4ro po = 10 po = sto
while ||r|| > € do while ||rx|| > € do while ||| > € do
ay = pr/PLak ar = pr/llaxl? ag, = pr/|luel®

Tp41 = Tk + QP
Thal = Tk — Okqk

Pk+1 = TkT+17“k+1

Bk = pr+1/ Pk

Pk+1 = Tk+1 + BkPk
Qi1 = Apry1

k+k+1
end while

Tp41 = Tk + QP
T4l = Tk — Qkqk
Sg1 = Arg

Pk+1 = 7"£+15k+1

B = pr+1/ Pk

Pk+1 = Tk+1 + BkPk
Qet1 = Sk+1 + Brar

k+k+1
end while

Th+1 = Tk + QD
Tk4+1 = Tk — Okgk
Sk41 = Sk — QiUg
tht1 = Aspy1
Pk+1 = S£+1tk+1
B = pr+1/Pk
Pkt1 = Th1 + BrPrk
Qk+1 = Sk+1 + Brar
Upt1 = tpg1 + Brug
k+k+1

end while
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3

Krylov.jl

The algorithms MINARES and CAR have been implemented in Julia [1] as part of the package
Krylov.jl [8], which provides a suite of Krylov and block-Krylov methods. Leveraging Julia’s flexi-
bility and multiple dispatch capabilities, our implementations are compatible with all floating-point
systems supported by the language, including complex numbers. These methods are optimized for
both CPU and GPU architectures, ensuring high performance across a wide range of computational
platforms. Additionally, our implementations support preconditioners, enhancing convergence and
robustness across various problem classes.
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Quasitubal Tensor Framework: Applications to Multiway Functional Data
Analysis

Uria Mor, Haim Avron

Abstract

Multiway arrays, commonly referred to as higher-order tensors, are a natural data structure for
representing multi-dimensional data and modeling processes consisting of composite interactions
between factors. The tubal tensor framework [0, 1, 5] views a tensor as a ‘matrix of tubes’, where
tubes are elements of a vector space supplemented with a binary, bilinear tubal multiplication,
thus endowing the set of tubes with scalar-like properties that enable matrix mimetic tensor-tensor
multiplication. From this perspective, tensors represent t-(tube-) linear mappings between Hilbert
C*-modules over the algebra of tubes [3, 2], for example, a 3rd order tensor X € R"P*™ represents a
t-linear mapping from RP**™ to R™*1*" and the t-product of X with a tensor Y € RP*?" ig a tensor
X Y e R™ ™ that represents the composition of the two mappings. The matrix mimetic nature
of the t-product enables an almost direct translation of many matrix computations to the tensor
setting in a way that preserve, to some extent, the theoretical properties of the original operations,
e.g., perhaps most notable, the t-SVD which is a straightforward extension of the matrix SVD,
and enjoys an Eckart-Young like optimality result for rank truncations of a tensor[2, 4, 5]. The
extensive, still-growing set of matrix algorithms and tools, and the ease of their extension to tensors
via the tubal framework, make it a powerful tool for dealing with multi-dimensional problems.

In many applications, tensor data is obtained by a finite set of observations of a multi-dimensional
process evolving over a domain such as time or space. These processes are often modeled as elements
within an infinite-dimensional Hilbert space.However, when tubes reside in an infinite-dimensional
Hilbert space, the associated tubal algebra lacks certain properties present in the finite-dimensional
case, such as a multiplicative identity and von Neumann regularity. This limitation hinders any
direct extension of the tubal tensor framework to infinite-dimensional spaces, and, in particular,
the tubal SVD is no longer viable.

In this work, we introduce the quasitubal tensor framework, an extension of the tubal tensor
framework to tubal algebras defined on infinite-dimensional separable Hilbert spaces. Notably, we
establish the existence of a quasitubal SVD and prove Eckart-Young optimality results for low-rank
truncations of quasitubal SVD. With a strong theoretical basis, the quasitubal framework offers
attractive approach for tackling multi-way problems in infinite-dimensional spaces.

Background. An order-N tensor X over a field F (either C or R) is an object in F4**dn  The
line of research on tubal tensor algebra [5, I, 6, 4] views tensors ‘matrices of tubes’. For example,
a 3rd order tensor X € F"™P*" is considered as an mxp matrix over F” whose j, k (tubal) entry is
x;, € F*. The t-product [0, 1, 5] of two tubes =,y € F" is defined as = +y = ifft(ZT ©Y), where
T = fft(x) is the Fourier transform of «, and ® is the Hadamard product.

The mode-8 multiplication of X by a matrix A € F™" is the tensor X x3 A € F"™*P*" whose j, k tube
fiber is given by Ax;;, € F". In particular, let F be the nxn DFT matrix and define X = Xx3F. The
tensor-tensor t-product of X € F™*P*™ Y e FP*T™ ig defined by X+Y = (f/)EAg)Xg,F_l withZ=X2Y
a tensor such that Z..,;=2X..;Y..;. Note that the t-product of two tubal-tensors is in-fact the
multiplication of matrices over the tubal ring. More general version of the t-product is obtained
by replacing F with any invertible matrix M [2, 1] (so X = Xx3M), resulting in the *\; -product,
XxmY = (X A Y)xsML.
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The pxp identity tensor J, e FP*P*" is such that DC*MJP =X,Jp*mY = ‘d The Hermitian adjoint
of X € F™P*" ig the tensor Xt e Fpxmxn wigh ocf kb = Thjh- A slice A € FP*Y" ig s, unit nor-
malized if AH*MA 1, and we say that A Be IFPX“” are *y -orthogonal if AH*MB 0. A ten-
sor W is said to be *y -unitary if U « U = U*MUH =J. The t-SVDM of X € F™P*™ is a de-
composition X = Uy Sxy VI where U € FX™*1 V) ¢ FPXPX7 are %y, -unitary, and 8 € F™P*" jg f-
diagonal, i.e., 8..j are diagonal for all k. The t-rank of X under xy [0, 2] is the number of
non-zero diagonal tubes in 8, and the multi-rank of X under «\[3, 4] is a vector p of integers
Pk = rank(f’)az,;’k). Given r < mln(m p) the tmnkHr truncation of X under x; is the tensor
X, =U;71;r,;*M81;T71;T7;*MV;J;r,; == 1u *Mm8j i m V; Wlthu =U. ;. being the jth ‘column’ slice
of U. For p = (pl,...,pn)/zvith Pk < mm(m/\p) the mu/l\t%mnk p truncatzon of X under =\, is
the tensor X, such that [X,].. =W 1., : A 81pp 10 D V. 1.+ The central result of the tubal
framework is that the above truncations are optimal in the sense of Frobenius norm error, provided
that M is a nonzero multiple of a unitary matrix. Formally, let M be a nonzero multiple of a
unitary matrix and X € F"™P*" If Y € F™P*" i of t-rank r (respectively, multirank p) under *y
then [X -Y|F 2 [X =X, [#[5, 2] (respectively, [X -Y|r 2 [X -Xp[p[1]).

In the above 3rd order example, each entry x;, € F" of X represents a function x;,:) — F, where
=[n]={1,...,n} and = s = x;;(t). A common assumption in practice, is that the domain Q of
xji, is actually a compact subset of R and the values z; j are point evaluations of xj; on a grid
t1 <tg <-o- <ty € Q such that x5 = ;i (t). Furthermore, it is possible to consider the functions
x ;i as elements of a Hilbert space (#,(-,-)3) in which vector addition and scalar multiplication are
defined pointwise. In this case, we have a ‘matrix of functions’ in H and we write X € H™*P,

Matrices over Hilbert Spaces. Suppose that H is a separable Hilbert space over I, and let
{@,}jez be an orthonormal basis in H. Then, the mapping = — ®x = ¥ ;(x, ¢,)»e; where e; is
the jth standard basis vector in the space ¢ of square summable sequences with the usual dot
product, is an isometry. Note that if a,b € £ then the elementwise multiplication a ® b is also
in ¢5. A natural extension of the xy product to H is given by x*ey = ®*(Px ® Py) where P*
is the adjoint (and inverse) of ®. Let X e H"™P and define the mode-3 operation of ® on X as
the tensor X = Xx3®d € 057" with h @, = ®x ;.. Correspondingly, the the tensor-tensor *g -product of
X eH™P YeHP s f)C*q)H (?C A H)Xg,(I)*

The Challenge of Defining Tubal SVD in Infinite Dimensional Hilbert Space . Let
x € H, then the operation T, defined by T,y = &,y is a bounded linear operator on H. Further-
more, Ty, is Hilbert-Schmidt operator since ¥, [T»¢;[3, = ¥, [Z 0 €; ”1%2 =@l = z, é)ul® =
||m||3_[ Thus, the a multiplicative identity in H is impossible since it would imply that the identity
operator is a Hilbert-Schmidt operator, in contradiction to the infinite-dimensionality of H. Direct
consequences of this are that 1) there are no unit normalized slices in HP 2) there are no *g-unitary
tensors in H™*"™. Most importantly, no decomposition of the form X = Uxgy Sy VH can be defined
in H™*P such that U e H™ ™,V e HP*P are isometries.

Quasitubal Framework. Consider the set HP = ®§=LH of slices X = (x1,...,xp) with ele-
mentwise addition and xg-product by H elements, e.g., X+pa = axs X = (@*sX1,...,a%2x,) and
X+Y=(z1+yy,... ,Tp +y,) for X,Y ¢ H? and a €. An operator T:HP — Hm is said to be
t-linear (or #-linear) if T(axsX) = axe TX for all @ € #,X ¢ HP. Let L(HP,H™) be the set of
t-linear operators from HP to H™. Note that such operators are necessarily bounded and linear
over F, hence L(HP,H™) c B(HP,H™).
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Our theory is based on the following fundamental observations

Lemma 0.1. An operator T is in L(H) if and only if there exists a bounded sequence T € Loy such
that Ta = ®*(F o @) for all a € H. If in addition, T is Hilbert-Schmidt then T € {3 and there exists
T € H such that Ta = T*sa for all a € H.

As a consequence, T € L(HP,H™) if and only if there exists T e (7P such that TX = <I>*(‘j' A }%)
for all X' e HP. If in addition, T is Hilbert-Schmidt then T ¢ 057" and there exists T € H™P such
that TX = T, X for all X € HP.

We call L(#H) elements quasitubes due to their tubal representation in f.. Respectively, oper-
ators in L(HP,H™) are called quasitubal tensors as they retain a tubal tensor structure in the
coordinates of the transform domain. We use the same notation for L(#) and L(#H?,H™) operators
as for elements in H, H"*P, therefore, the x; product of quasitubal tensors reads as composition of
t-linear operators. While it is not possible to identify the space L(HP,H") with H™*P (as in the
finite-dimensional case), the notation is still compatible, valid and useful.

Lemma 0.2. The set L(H) with the usual operator addition, scaling, composition, adjoint and
norm, is the smallest commutative, unital C*-algebra in which H is embedded as a *-ideal. And it
follows that L(H,H?) = L(H)P together with the L(H)-valued inner-product <<X, Y» = Z§=1 Ti*eyY;
is a Hilbert C*-module over L(H), in which HP is embedded as a *-invariant submodule.

Given X € L(H)? we have |X|%(H)p = «X,X» which is a non-negative element in a C*-algebra,
hence has a unique square root |X|r(z)», and the real valued norm [X| e = [|[X[r(3e[. The
induced “operator norm” of an mxp quasitubal tensors is then |X| = SUD|g|, e 1*5 Y || 1,20y -
Another consequence of the Hilbert C*-module structure over a unital C*-algebra, is the ability to
define x4-orthogonality and *g-unitarity for quasitubal tensors similarly to the finite-dimensional
case. With the above, the ground is set for construction of a quasitubal SVD:

Theorem 0.3. Let X be an mxp quasitubal tensor, then there exists a decomposition X = Ukg 8x4 V™
withWe L(H™),V e L(HP) being * -unitary, and 8 € L(H™, HP) an f-diagonal tensor with diagonal
entries 81 21(H) 52 2L(H) *** 2L(H) Smin(m,p) ZL(H) 0.

The t-rank and multirank of a quasitensor X under *, as well as t-rank and multi-rank truncations,
are defined similarly to the finite-dimensional case. And we have the main result:

Theorem 0.4. Given an mxp quasitubal tensor X, if Y € L(HP,H™) is of t-rank r (respectively,
multirank p) under x, then |[X =Y|| > [X =X, | (respectively, |X -Y| > |X -2X,]).

Objects in H™*? have the elementwise H norm: |X|3, = ¥4 |k |7, which is an equivalent to the
Frobenius norm in the finite-dimensional case. Consider X = Uxs 84 V* € H™ P, then 8 ¢ H™*P
and X[y = [|8]#. Importantly

Theorem 0.5. Given X e H™ P, if Y e L(HP,H™™) is of t-rank r (respectively, multirank p) under
*p then | X =Yy > | X - Xy | (respectively, | X —Yl|y > |X - Xp|2). In particular X,, X, € H™*P.

Possible Applications. Due to the strong theoretical foundation of the quasitubal SVD, a
promising line of research is the development of multivariate functional PCA, in a similar spirit to
our previous work on the finite-dimensional settings [7]. Furthermore, the matrix mimetic nature of
the platform, combined with the optimality results for low-rank truncations suggest that direct ex-
tensions of randomized algorithms for low-rank matrix approximations to the quasitubal setting are
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possible and should offer theoretical guarantees. This opens the door to computational speedups
in modeling and simulations of multi-input multi-output dynamical systems where the quality of
the approximation is about as crucial as the computational cost. We provide numerical examples
for the application of the quasitubal framework to multivariate functional data analysis and signal
processing, and demonstrate the potential of the framework for developing efficient tensor-based
algorithms for such settings.
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Krylov Methods and Polynomials

Ron Morgan
Abstract

It is well-known that all Krylov methods have polynomials underlying them. Here these polynomials
are used in new ways to develop iterative methods. There are several applications including systems
of linear equations with multiple right-hand sides.

1 Polynomial Preconditioning

Polynomial preconditioning goes way back, see for instance [6, 11, 10, 2, 12], but has never be-
come standard. In [5, 8], polynomial preconditioning is made a more practical method with these
improvements:

1. The polynomial is easy to determine. It is generated by GMRES instead of from eigenvalue
estimates as some approaches have done.

2. The implementation is efficient due to using roots of the GMRES residual polynomial.

3. The method is more stable than some other approaches. This is from the implementation
with roots instead of coefficients. Also, additional stability control comes from adding extra
copies of outstanding roots.

With polynomial preconditioning, Az = b becomes

Ap(A)y =b, x=p(A)y. (1)

Polynomial preconditioning works because it transforms the spectrum of A into a better spectrum.
Another reason why it is effective is that there is more power per iteration and much less orthogo-
nalization. Also, there is greater opportunity for parallelism. However, polynomial preconditioning
may not needed for fairly easy systems.

Example Polynomial preconditioning is used for a matrix from a biharmonic differential equation.
A degree 200 polynomial is applied, then a degree 50 polynomial is used along with an incomplete
factorization preconditioner. Table 1 first shows that polynomial preconditioning can be very
effective for the difficult original system of equations. The time is reduced from hours to under a
minute. The problem is easier when standard incomplete factorization preconditioning is applied.
Then the effect of the polynomial preconditioning is not as dramatic, but it is still helpful. The
time goes from over 3 minutes to below 9 seconds. See [8] for more results.

Table 1: Polynomial preconditioning applied to a biharmonic matrix of size n = 40,000 from the
differential equation —uzzze — Uyyyy + Uzex = f on the unit square. IF stands for incomplete
factorization with no fill-in after shifting the matrix by 0.5 I.

Method | GMRES(50) | PP(200)-GMRES(50) | IF-GMRES(50) | PP(50)-IF-GMRES(50)
Time 14.6 hours 55 seconds 3.5 minutes 8.5 seconds
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2 Polynomial Approximation of A~!

It is surprising that even for a large matrix, it is often possible to find a polynomial p so that p(A)
is a good approximation to A~! [4]. We use the p polynomial from Equation (1) that is generated
by GMRES. This is implemented using the roots of the GMRES residual polynomial.

It can be proved for the symmetric case that the accuracy of the approximating polynomial follows
the residual norm curve. Stability control with added roots is even more important here than for
polynomial preconditioning, because a high degree polynomial is needed.

Example: For a convection-diffusion matrix, Table 2 shows that the relative accuracy of the poly-
nomial approximation to the inverse follows the GMRES residual norm. See [4] for more.

Table 2: A polynomial approximation is found to the inverse of a matrix of size n = 2500 from the
convection-diffusion equation —ug; — uyy + 2u; = f on the unit square. The starting vector is a
random vector normed to one. Relative accuracy of the polynomial is compared to the GMRES
residual norm.

Degree | GMRES residual norm HAFX%
50 8% 1073 2% 1071
100 4%107° 61072
150 11078 3x1077
200 8 x 10712 3%10°10

Applications of polynomial approximation to A~! include:

1. Systems with multiple right-hand sides [4]. The polynomial approximation that is generated
with one right-hand side can be applied to other right-hand sides to solve the systems.

2. Multilevel Monte Carlo for the trace of the inverse in quantum chromodynamics [7]. Polyno-
mials form the basis for this approach, but deflation of eigenvalues is also crucial.

3. Functions of matrices (in progress). A polynomial approximation to the function of a matrix
can be found by interpolating the function at the harmonic Ritz values (the roots of the
GMRES polynomial).

3 Twin CG for multiple right-hand side systems. Also Twin CR,
BiCGStab, BiCG, GMRES and QMR.

The first application in the previous section used the same polynomial for multiple right-hand sides.
Here we again have the same polynomial, but applied in a simpler way. We use the same iteration
coefficients for all right-hand sides. When this approach is used for the conjugate gradient method
(CG), we call this “Twin CG for multiple right-hand sides.”

As an example, consider two systems, Az(!) = (1) and Az? = b, One step in the CG iteration
for the first system is 2 = 2 4 oM % p(M Our approach is to also do 2@ = 22 4 o) « p2)
with the same o!) as for the first system. Similarly, the other CG steps have the same constants
for both right-hand sides.

The residual polynomial helps explain why this is effective. For the second right-hand side, the
residual polynomial is the same as for the first. So if 7 = 71 (A)b(), then also 72 = 7N (A)bp>2),
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The

polynomial 7(1) needs to be small at the eigenvalues of A in order for the first system to

converge, and this makes the second system converge also. The first right-hand side, b), does need
to not be deficient in some eigencomponents. For the deficient case, creating a first system with a
random right-hand side is recommended.

With this twin approach for CG, the multiple right-hand systems generally converge together.
However, there can be momentary instability due to steep slope of the polynomial at an outstanding
eigenvalue. This tends to be quickly automatically corrected.

Remarkable things about Twin CG:

1.

The code can be very simple. All z vectors for all right-hand sides can be grouped together
into one matrix, and similarly for r and p vectors. Then most operations can be done with
matrices instead of vectors.

. This method is extremely parallelizable. All dot products are eliminated except for the first

right-hand side (one may need to monitor residual norms for other right-hand sides occasion-
ally after the first system converges). The matrix-vector products can be done together for
all right-hand sides. The DAXPY’s can also be performed together, so they become matrix
operations.

. Stability control happens automatically due to roundoff error. So roundoff error is essential

to the success of the method. This is because the Lanczos algorithm that is the basis for
CG develops extra copies of outstanding eigenvalues [9]. This mimics the addition of roots
given in [5, 8] for stability control with polynomial preconditioning. With this Twin CG
approach, it is surprising that the extra copy appears almost as soon as stability control is
needed. However, for cases with several outstanding eigenvalues, extra copies will not all
appear simultaneously, so we have a way of augmenting with some manual stability control.

. Seed methods [3, 1] for deflating eigenvalues can be added. Seeding is done during solution of

the first system, then the Twin CG method is applied to the second and subsequent systems.
In addition, we are working on a new seed approach for the case where roundoff error interferes
with the accuracy of the seeding [1].

Finally, a few comments about nonsymmetric systems:

1. Similar to CG for symmetric systems, a Twin BiCG method can be given for the nonsymmetric
case. BiCG has automatic stability control similar to CG.

2. Twin BiCG uses only half of the matrix-vector products for the second and subsequent right-
hand sides as for the first.

3. BiCGStab does not have the automatic stability control.

4. The twin approach for multiple right-hand sides can even be used with restarted GMRES.
Dot products are eliminated except for the first right-hand side, but the rest of the orthogo-
nalization cost is needed for each right-hand side system.
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Block cross-interactive residual smoothing for Lanczos-type solvers
for linear systems with multiple right-hand sides

Kensuke Aihara, Akira Imakura, Ketichi Morikuni

Abstract
Block Lanczos-type solvers, such as the block BICGSTAB method [3], for large sparse linear systems
AX =B, AcR™" BecR"™, s<n

often exhibit large oscillations in the residual norms. In finite precision arithmetic, the large oscil-
lations lead to a large residual gap (the difference G, between the recursively updated residual Ry,
and the explicitly computed residual B — AX}) and a loss of attainable accuracy of the approxi-
mations, as observed in

IGRr M = IRl < [|B = AXi|| < |Gr, |l + [I1B]l,  Gr, = (B — AXy) — Ry

This problem is addressed by using cross-interactive residual smoothing (CIRS). Just as the stan-
dard Lanczos-type solvers for a single linear system have been extended to their global and block
versions for solving systems with multiple right-hand sides, similar extensions of CIRS are naturally
considered. While we have developed the global CIRS scheme (GI-CIRS) in our previous study [1],
we propose a block version (BI-CIRS) in this study. Then, we demonstrate the effectiveness of
BI-CIRS from various perspectives, such as theoretical insights into the convergence behaviors of
the residual and approximation norms, numerical experiments on model problems, and a detailed
rounding error analysis for the residual gap. In particular, we show for the case of BI-CIRS that
orthonormalizing the columns of direction matrices plays an important role in reducing the residual
gap. The presented analysis also complements our previous study above that includes an evaluation
for the residual gap of the block Lanczos-type solvers.

Advances in residual smoothing Block Lanczos-type solvers typically update the kth approx-
imation X} and residual Ry by using the recursion formulas

Xpi1 = X + Pray, Ry =Ry — (AP)af, k=0,1,...,

respectively, where P, € R™** is a direction matrix and ozE € R%*¢ is determined under a certain
condition. Residual smoothing was introduced by Schoénauer [7] to Lanczos-type solvers for a
single linear system to get a non-increasing sequence of residual norms [8]. A block version of
the simple residual smoothing (BI-SRS) was presented by Jbilou [5]. Let Xj and Ry be the kth
primary approximation and residual, respectively. Then, new sequences of approximations Y and
the corresponding smoothed residuals Si(:= B — AY}) are generated by the recursion formulas

Vier =Y+ (X1 = Yot Skt = Sk + (Repr — Sy, k=0,1,...,

respectively, where Yy = Xg, So = Ry, and 77,? € R%*% is a parameter matrix. With a local
minimization of the smoothed residual norm in choosing nE, a monotonically decreasing sequence
of || Sk|| is obtained.

Studies on the relationship between residual smoothing and the residual gap have an interesting his-
tory. For a single right-hand side case, Gutknecht and Rozloznik [4] clarified that the conventional
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Table 1: Difference in the recursion formulas for updating smoothed residuals.

Type SRS scheme CIRS scheme
Standard [7, 8] 2, 6]
Az — b Sk = Sk—1 + k(T — Sk-1), Sk = Sp—1 — NpAvy,
i, Sk—1 ER", mpeR v, Sk-1 ER", mpr R
9] [1]
Global [
AX — B Sk = Sk—1 + M (Bi — Sk-1), Sk = Sk—1 — AV,
Ry, Sp—1 € R™®, mp € R Vi, Sp—1 € R, . €R
Block 5] Present study
AX - B Sk = Sk—1+ (Rk — Sk—1)my;, Sk =Sk — (AQw)TE,
Ry, Sp—1 € R™S, it € RS* Qk, Sk—1 ER™*, ) € RS*

smoothing schemes (including the Zhou-Walker implementation [10]) do not help to improve the
attainable accuracy. To be more specific, rounding errors accumulated in the primary sequences
propagate to the smoothed sequences, and the smoothed true residual norms stagnate at the same
order of magnitude as the primary ones. In order to remedy this phenomenon, Komeyama et al. [2, 6]
modified the Zhou-Walker implementation so that the primary and smoothed sequences influence
one another. This modification is referred to as cross-interactive residual smoothing (CIRS) and is
indeed effective in reducing the residual gap and increasing attainable accuracy. As SRS has been
extended to global and block versions [9, 5], CIRS is also extended. In this perspective, our previous
study [1] presented a global version of CIRS (GI-CIRS) for the global- and block-type solvers, and
therefore, we propose a block version of CIRS (BI-CIRS) in this study. Table 1 summarizes the
recursion formulas for the aforementioned residual smoothing schemes. This table shows that this
study fills a gap in the literature of the CIRS schemes.

Block cross-interactive residual smoothing This study proposes updating approximations
and the corresponding residuals by the recursion formulas

smoothed Y1 =Y + Vk+177,?+1, Skr1= Sk — (AVk+1)77k+1>
primary Xit1 = Yisr + Vierr (Is — mghr), Rpy1 = Spa1 — (AVip)(Ls = mihr)

respectively, for k = 0,1,... with Yy = Xy and So = Ry so that the primary and smoothed sequences
influence one another, where Vi1 = Vi.(Ls — 1, ) + P, is an auxiliary matrix for 770 =0 € R**% and
Vo = O € R™ 5. Here, P, € R™* is a direction matrix in the recursion formula Xk+1 = X + P,.
Again with a local minimization of the smoothed residual norm in choosing nk , @ monotonically
decreasing sequence of ||Sk|| is obtained. Note that the essential difference of BI-CIRS from GI-
CIRS [1, Algorithm 3.1] is that the smoothing parameter 77,? of BI-CIRS is an s-by-s matrix instead
of a scalar.

For numerical stability, BI-CIRS needs to orthonormalize the columns of the auxiliary matrix Vj
for each iteration. Let V}, = Qkﬁk be the QR decomposition of Vj, where Qk € R™¢ and {k € Rs*s
are the Q- and R-factors, respectively. With the auxiliary matrix nk = §k77k , the above formulas
are equivalently rewritten as

smoothed Vi1 = Vi + Qr1754 15 Skt1 = Sk — (AQp11) ks
primary Xi1 = Vi1 + Qrs1 (ot — 1)y Rirr = Skt — (AQur1) (Gt — 7ier)
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together with Viy1 = Qp(& — o) + Py for k=0,1,....

Our main results via a rounding error analysis shows that BI-CIRS with the orthonormalization
strategy suppresses the residual gap.

Theorem 1. In finite precision arithmetic, let X € F"*S and Ry € F™*5 be the kth approximation
and residual generated by the recursion formulas

Xp = Xp1 + Qrorafly, Ry =Rpoy — (AQr—1)af 1, k=0,1,..., (1)

respectively, where F C R is a set of floating point numbers and @k,l s a Q-factor of the di-
rection matrix Py_q obtained from the QR decomposition with Givens rotations or Householder
transformations. Then, with Xo = O, the residual gap Gg, satisfies the bound

1GR | < (8V5Vm+3s +71) k[ A Joax. 1 Xl + bk Joax. | Rill,

where vy := ku/(1 — ku) with a unit roundoff u and m is the maximum number of nonzero entries
per row of A.

In the case of BI-CIRS, replacing X}, and Ry by Yj and Sk, respectively, in (1), this theorem holds
for the residual gap G, = (B — AY},) — Si. Therefore, even when using an inexact orthonormaliza-
tion for the columns of iteration matrices, BI-CIRS in which the residual and approximation norms
converge smoothly is indeed useful to reduce the residual gap. This theoretical result is consis-
tent with our numerical results. Numerical experiments demonstrate that BI-CIRS is effective for
suppressing the residual gap and improving the attainable accuracy of the approximations.
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Inverse Problems, Kronecker Products and Mixed Precision Computations

James Nagy
Abstract

The gaming industry, machine learning (ML), and artificial intelligence (Al) are areas that require
substantial computational resources and/or require very fast computations, but do not always
require high accuracy in certain computational problems. This has motivated GPU vendors, such
as NVIDIA, Google and AMD to manufacture hardware that can perform computations using low
precision 16-bit floating-point formats [4]. Two examples are bfloat16 and FP16. In comparison,
IEEE single precision uses a 32-bit floating-point format, and double precision (e.g., the default in
MATLAB) uses a 64-bit floating-point format. The use of 16-bit format can result in a 4x speedup
compared to double precision, and certain hardware accelerators (called Tensor Cores) can further
accelerate performance for operations such as matrix-vector multiplications [4].

The potential for much faster computations has fueled a growing interest in the last decade to use
powerful GPU servers for scientific applications, and in particular to use mixed precision algorithms
for problems that require high accuracy; that is, when possible, use low precision for speed, but mix
in some high precision computations to improve accuracy. Recent previous work for solving general,
well-conditioned linear systems, including iterative refinement [1, 2, 7], Cholesky factorization and
least squares problems [1, 5], QR factorization [8], and GMRES [6].

Relatively little work has been done to exploit mixed precision computations for inverse problems,
where the aim is to compute approximations of z from measured data, b, where

b=Axr+e. (1)

A is assumed to be a large, severely ill-conditioned matrix, and e represents unknown noise and
other data measurement errors. In some applications A is known to high accuracy, while in other
applications it may be that only an approximation of A is given, or that A = A(y) is given in
parametric form. Even in the case when A is known to high accuracy, due to the ill-posedness of
the problem, and the presence of noise in the measured data, computing accurate approximations
of x is a nontrivial task; special considerations, such as regularization approaches, need to be
considered for these problems [3]. In this presentation we show how Kronecker product structure
can be exploited and used in mixed precision algorithms for inverse problems.
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A fast algorithm for low-rank approximation with error control

Yuji Nakatsukasa

Abstract

Computing a low-rank approximation to a large m x n matrix A is a ubiquitous task in Numerical
Linear Algebra (NLA), and possibly the single topic that contributed the most to making ran-
domized NLA algorithms popular, trusted, and widely used. Typically [1, 5], the first step is to
compute a random sketch of the form AS (or SA, or both [12]), where the size of the sketch is
at least the target rank, which is often unknown. Extensive theory is now available [5, 8, 11] that
gives strong guarantees for the quality of the resulting approximation that hold with extremely
high probability.

In this work we develop an algorithm for low-rank approximation that (i) requires only an O(1)
sketch size, (ii) comes with high-probability error control to achieve a user-defined error tolerance,
without requiring the knowledge of the rank, (iii) avoids computing orthogonal projections, and (iv)
is based on the CUR decomposition [6] and its stable implementation [10], so inherits properties of
A such as sparsity and nonnegativity, if present. These are achieved by bringing together techniques
in randomized NLA algorithms, including CUR, subset selection methods [2, 9] based on a sketch-
and-pivot strategy [3, 4], and error estimation via trace estimation [7].

The algorithm finds a near-optimal (up to a modest polynomial in r) rank-r approximation in
O(N + (m + n)r?) operations, where N is the cost of a matrix-vector multiplication with A.
Advantages over the MATLAB routine svdsketch [13] include faster runtime and the ability to set
the error tolerance to be smaller than y/u, where u is the unit roundoff.

This talk is based on joint projects with the following collaborators: Per-Gunnar Martinsson and
Nathaniel Pritchard; Anjali Narendran; and Taejun Park.
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Optimal Matrix-Mimetic Tensor Algebras

Elizabeth Newman, Katherine Keegan

Abstract

With the explosion of big data, the need for explainable data analysis tools, efficient representations,
and structure-exploiting operations has exploded as well. Many data and operators are naturally
multiway, and as a result, multilinear or tensor methods have revolutionized the interpretability
of feature extraction, the compressibility of large-scale data, and the computational efficiency of
multiway operations. Despite numerous successes, many tensor frameworks suffer from a so-called
“curse of multidimensionality;” that is, that fundamental linear algebra properties break down in
higher dimensions, particularly the notion of optimality. Recent advances in matrix-mimetic tensor
frameworks have made it possible to preserve linear algebraic properties for multilinear analysis
and, as a result, obtain optimal representations of multiway data.

Matrix mimeticity arises from interpreting tensors as operators that can be multiplied, factorized,
and analyzed analogously to matrices. Underlying the tensor operation is an algebraic framework
parameterized by an invertible linear transformation. Specifically, consider a third-order tensor
A € Rm>Xn2Xns. j e a multiway arrays with rows, columns, and depth indices. We can view A as
an n, X no matrix where each entry is a 1 x 1 x ng tube. We multiply tubes a,b € R1*1X"3 ysing
the *p-product [5] (the prefix is pronounced “star-M”) via

a*nv b = vec™! (Ru[a] vec(b)) where Ry[a] = M~ ! diag(M vec(a))M, (1)

vec : RXIXns 5 RI is a bijective map that vectorizes tubes and diag : R™ — R"*" forms a
diagonal matrix from the entries of a vector. We say the action a on b under the xpi-product
is equivalent to left multiplication by the structured matrix Rps[a]. A given invertible matrix M
thereby induces a matrix subalgebra that equips the vector space of tubes with a bilinear operation
given by R []; the term tensor algebra refers to this operation.

We define tensor-tensor products analogously to matrix-matrix products by replacing scalar with
tubal multiplication given by (1). Using MATLAB indexing notation, the tubal entrywise definition
of the tensor-tensor product of A € R™MX™MX"s gnd B € R™M*n2x"3 jg

m
(Asm Bivin: = ) Aiv i #M B, (2)
k=1
for i1 = 1,...,n1 and io = 1,...,n9. Under the algebraically-consistent *nj-product, we obtain

matrix-mimetic generalizations of xpp-rank, -orthogonality, -transposition, more [6]. Notably, we
can define a tensor singular value decomposition that satisfies an Eckart-Young-like theorem, re-
sulting in optimal, low-rank approximations of multiway data [7].

The choice of linear mapping M and associated tensor algebra is crucial to approximation quality.
Traditionally, M is chosen heuristically to leverage expected correlations in the data. However, in
many cases, these correlations are unknown and common heuristic mappings lead to suboptimal
performance. This presentation, based on the work in [8], introduces xp-optimization, an algorithm
to learn optimal linear transformations and corresponding optimal tensor representations (e.g.,
low-*p-rank) simultaneously. The new framework explicitly captures the coupling between the
transformation and representation by solving the bilevel optimization problem

min &(M, X (M)) s.t. X (M) € arg min (M, X). (3)
MEOn, XeXx
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Here, X is the desired representation belonging to feasible set X', and X (M) is an optimal rep-
resentation for a given transformation, M. Our goal is to learn an invertible M, which we guar-
antee by optimizing over the orthogonal group of nz x n3 matrices, O,,. The objective function
¢ : O, x X = R measures the quality of the representation. We solve (3) for M using Riemannian
optimization over the orthogonal group [2, 1, 3].

A key innovation of xpg-optimization is the use of variable projection to form X (M), which elim-
inates the variable X via partial optimization [4]. We heavily leverage the optimality of xp-
representations to guarantee the existence of an optimal X (IM); other comparable tensor approaches
typically only guarantee quasi-optimality.

In the talk, we will highlight the generality of the *pj-optimization framework by considering
two prototype problems for fitting tensor data and for finding compressed representations. We
will present new theoretical results regarding the uniqueness and invariances of the xpg-operator
and convergence guarantees of xp-optimization. We will demonstrate the efficacy of learning the
transformation and provide interpretable insight into *pg-optimization behavior through several
numerical examples, including image compression and reduced order modeling.
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Recent Results on Improving Performance of Sparse Cholesky Factorization
by Reordering Columns within Supernodes

M. Ozan Karsavuran, Esmond G. Ng, Barry W. Peyton
Abstract

Let A be an n by n sparse symmetric positive definite matrix, and let A = LLT be the Cholesky
factorization of A, where L is a lower triangular matrix. It is well known that L suffers fill during
such a factorization; that is, L will have nonzero entries in locations occupied by zeros in A. As
a practical matter, it is important to limit the number of such fill entries in L. Consequently,
software for solving a sparse symmetric positive definite linear system Ax = b via sparse Cholesky
factorization requires the following four steps.

First, compute a fill-reducing ordering of A using either the nested dissection [5, 11] or the minimum
degree [1, 6, 12, 15] ordering heuristic (the ordering step). Second, compute the needed information
concerning and data structures for the sparse Cholesky factor matrix (the symbolic factorization
step). Third, compute the sparse Cholesky factor within the data structures computed during the
symbolic factorization step (the numerical factorization step). Fourth, solve the linear system
by performing in succession a sparse forward solve and a sparse backward solve using the sparse
Cholesky factor and its transpose, respectively (the solve step).

The authors of this work, along with J. L. Peyton, presented a thorough look [10] at some serial
algorithms for the third step in the solution process (the numerical factorization step). Our goal
was to improve the performance of serial sparse Cholesky factorization algorithms on multicore
processors when only the multithreaded BLAS are used to parallelize the computation. Essentially,
our first paper [10] explored what can be done for serial sparse Cholesky factorization using the
techniques and methodology used in LAPACK.

Our primary contribution in [10] is the factorization method that we called right-looking blocked
(RLB). Like all of the other factorization methods studied in [10], RLB relies on supernodes to obtain
efficiency, where supernodes are, roughly speaking, sets of consecutive columns in the factor matrix
sharing the same zero-nonzero structure. RLB, however, is unique among the factorization methods
studied in [10] in that it requires no floating-point working storage or assembly operations; that is,
the computation is performed in place within the data structures computed for the factor matrix
during the symbolic factorization step. RLB is also unique among the factorization methods studied
in [10] in that it is entirely dependent for efficiency on the existence of few and large dense blocks
joining together pairs of supernodes in the factor matrix. Furthermore, the number of and size of
these dense blocks are crucially dependent on how the columns of the factor matrix are ordered
within supernodes. As a result, RLB is perfectly suited for studying the quality of algorithms for
reordering columns within supernodes. It is precisely a study of this sort that will occupy our
attention in this work. It should be noted that reordering the columns (and the corresponding
rows) within each supernode does not change the number of nonzeros in the Cholesky factor.

Pichon, Faverge, Ramet, and Roman [14] were the first to take seriously the problem of reordering
columns within supernodes, in that they were the first to treat it in a highly technical manner.
They ingeniously formulated the underlying optimization problem as a traveling salesman problem,
for which there exist powerful and effective heuristics. We will refer to their approach as TSP. The
problem with their approach was not ordering quality; it was the cost, in time, of computing the
needed TSP distances [8, 14]. In 2021, Jacquelin, Ng, and Peyton [9] devised a much faster way to
compute the needed distances, which greatly reduces the runtimes for the TSP method.
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In 2017, Jacquelin, Ng, and Peyton [8] proposed a simpler heuristic for reordering columns within
supernodes based on partition refinement [13]. In their paper, they report faster runtimes for their
method than TSP, while obtaining similar ordering quality. We will refer to their method as PR.

In this work, we perform a careful comparison of TSP and PR; we compare them, primarily, by
measuring the impact of TSP and PR on RLB factorization times using Intel’s MKL multithreaded
BLAS on 48 cores of our test machine. This approach is justifiable since, as alluded to above, the
performance of RLB depends on the quality of the TSP or PR reorderings.

The comparisons are conducted using a set of large matrices from the SuiteSparse collection [3].
In our experiments, certain small supernodes are merged together to create a coarser supernode
partition. This idea was first introduced by Ashcraft and Grimes [2], and was demonstrated to
reduce the factorization time at the expense of a relatively small increase in the size of the data
structures. Merging supernodes has become a standard practice in software for sparse symmetric
factorization, such as MAS7 [4] and MAST [7].

In this presentation, we will describe two techniques for improving the quality of the TSP reorder-
ings; we will show that the best results for TSP are obtained when the two techniques are combined.
We will also introduce a new way to reorganize the PR reordering algorithm to make it much more
time and storage efficient. In addition, we will introduce a single technique for modestly improving
the quality of the PR reorderings. We will further show that the enhanced PR and enhanced TSP
produce orderings of virtually equal quality. However, the former requires significantly less storage
to implement and runs much faster than the latter.

References

[1] Patrick R. Amestoy, Timothy A. Davis, and lain S. Duff. An approximate minimum degree
ordering algorithm. SIAM J. Matriz Anal. Appl., 17(4):886-905, 1996.

[2] Cleve C. Ashcraft and Roger G. Grimes. The influence of relaxed supernode partitions on the
multifrontal method. ACM Trans. Math. Softw., 15(4):291-309, 1989.

[3] Timothy A. Davis and Yifan Hu. The University of Florida sparse matrix collection. ACM
Trans. Math. Softw., 38(1):1-28, 2011.

[4] Tain S. Duff. MA57—a code for the solution of sparse symmetric definite and indefinite systems.
ACM Trans. Math. Softw., 30:118-144, 2004.

[6] Alan George. Nested dissection of a regular finite element mesh. SIAM J. Numer. Anal.,
10(2):345-363, 1973.

[6] Alan George and Joseph W. H. Liu. The evolution of the minimum degree ordering algorithm.
SIAM Rev., 31(1):1-19, 1989.

[7] Jonathan D. Hogg, John K. Reid, and Jennifer A. Scott. Design of a multicore sparse Cholesky
factorization using DAGs. SIAM J. Sci. Comput., 32(6):3627-3649, 2010.

[8] Mathias Jacquelin, Esmond G. Ng, and Barry W. Peyton. Fast and effective reordering of
columns within supernodes using partition refinement. In 2018 Proceedings of the FEighth
SIAM Workshop on Combinatorial Scientific Computing, pages 76-86, 2018.

274



[9]

[10]

[11]

[12]

[13]

[14]

[15]

Mathias Jacquelin, Esmond G. Ng, and Barry W. Peyton. Fast implementation of the
Traveling-Salesman-Problem method for reordering columns within supernodes. SIAM J. Ma-
triz Anal. Appl., 42(3):1337-1364, 2021.

M. Ozan Karsavuran, Esmond G. Ng, Barry W. Peyton, and Jonathan L. Peyton. Some new
techniques to use in serial sparse Cholesky factorization algorithms. Submitted to TOMS,
2024.

George Karypis and Vipin Kumar. A fast and high quality multilevel scheme for partitioning
irregular graphs. STAM J. Sci. Comput., 20(1):359-392, 1999.

Joseph W. H. Liu. Modification of the minimum-degree algorithm by multiple elimination.
ACM Trans. Math. Softw., 11(2):141-153, 1985.

Robert Paige and Robert E. Tarjan. Three partition refinement algorithms. SIAM J. Comput.,
16(6):973-989, 1987.

Gregoire Pichon, Mathieu Faverge, Pierre Ramet, and Jean Roman. Reordering strategy for
blocking optimization in sparse linear solvers. SIAM J. Matriz Anal. Appl., 38(1):226-248,
2017.

W. F. Tinney and J. W. Walker. Direct solution of sparse network equations by optimally
ordered triangular factorization. Proc. IEEFE, 55:1801-1809, 1967.

275



Riemannian optimization for matrix nearness problems

Vanni Noferini, Froilan Dopico, Miryam Gnazzo, Lauri Nyman, Federico Poloni

Abstract

Matrix nearness problems are central to numerical linear algebra and matrix theory. As highlighted
in [6], these problems have wide-ranging applications. The proposed talk, outlined below, is based
on several recent papers of mine, written with different coauthors [3, 4, 7].

Overview of matrix nearness problems

Let us start with a general description, inspired in part by Nick Higham’s PhD thesis [5].

A matrix nearness problem involves finding a matrix B that is closest to a given matrix A, such
that B satisfies a specific property ¢ which A does not. Formally, if Q represents the set of matrices
that possess property B, the goal is to solve the following optimization problem:

min ||A — X|| subject to X € Q. (1)

The distance to be minimized in (1) is typically the Euclidean one, i.e., the distance induced by the
Frobenius norm || X||% = tr(X*X), though other options can also be considered. Matrix nearness
problems can be generalized to matrix pencils or matrix polynomials. For example, given a matrix
polynomial A(z) = Z?:o A;z', the objective becomes finding a polynomial B(z) = Z?:o B;z* that
minimizes the squared distance Z?:o | A; — B;||? while ensuring that B(z) has the desired property
B, which A(z) lacks.

Some matrix nearness problems have well-understood, efficient solutions. For example, by the
Eckart—Young—Mirsky theorem, the nearest singular matrix to a full-rank matrix A € GL(n,C)
can be found via singular value decomposition (SVD). The solution is B = Z?:_()l o;uv;, with the
distance given by the smallest singular value o,.

However, many matrix nearness problems are more difficult, and have been either shown or conjec-
tured to be NP-hard. The feasible set Q is often non-convex, making it challenging to find anything
beyond a local minimum. Moreover, optimization algorithms that attempt the task are frequently
quite slow and inefficient, making it almost impossible in practice to find even a local minimizer
when the input size grows beyond very small matrices.

A new approach

In this talk, I will propose a new method to solve matrix nearness problems. There are three key
features of the new approach:

1. It can handle a broad class of matrix nearness problems, including many described in the
literature;

2. In extensive numerical experiments, the new method consistently outperforms existing algo-
rithms, especially in challenging cases;
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3. The problem is reformulated as an optimization task over Riemannian manifolds, offering a
novel approach to previously intractable problems.

Our method is based on a key insight: many matrix nearness problems become more tractable
when supplemented with additional information about the minimizer. This is akin to the concept
of an “oracle” in theoretical computer science: an abstract machine that can solve specific problem
instances in one step.

Let us denote the supplementary information about the optimizer by #. The problem can then
be stiffened by restricting the feasible set to matrices that share this information. Specifically, if
we decompose the set Q as Q = Ue Qp, where Qg represents matrices with property 8 and the
additional attribute 8, we can solve the restricted problem:

f(f) =min||A — X|| subject to X € Q.

The original problem can then by equivalently reformulated by optimizing over 6:

mein £(0).

This often reduces the problem to an optimization task over a Riemannian manifold. For example,
if 0 is an eigenvector, the optimization is over the unit sphere. If 6 represents a set of d independent
eigenvectors, the optimization is over the Grassmann manifold of d-dimensional subspaces.

Of course, the idea to use Riemannian optimization to solve nearness problems is not new. Many
works have applied manifold optimization to specific matrix nearness problems, but typically in a
much more direct manner than the approach that I will present in this talk. To give but a couple
of the many examples, Vandereycken [8] addressed low-rank matrix completion via optimization
on fixed-rank manifolds, and Borsdorf [1] used augmented Lagrangian techniques for a chemistry-
related problem over the Stiefel manifold. Oracle-based strategies have also previously appeared,
such as the method by Byers [2] for finding the distance to Hurwitz instability.

However, our recent work has further advanced these ideas, and its distinctive feature is to use at
the same time both oracles and Riemannian optimization, as well as other classical optimization
tools such as regularization. It is, to my knowledge, the first time that this strategy has been
attempted in a systematic way to tackle a wide range of matrix nearness problems.

A two-level optimization framework

More in detail, our method introduces a two-level optimization framework:

e Inner Problem: Minimize the distance over Q. The inner subproblem is chosen so
that it has a closed-form solution, or at least so that its solution can be computed cheaply.

e Outer Problem: Minimize f(f) over the manifold of all possible . Riemannian
optimization is then used to efficiently solve the outer problem.

We refer to this strategy as the Riemann-Oracle approach.
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In the talk, I plan to describe how and why the Riemann-Oracle method can be applied to several
matrix nearness problems of practical importance, including applications in numerical linear alge-

bra,

control theory, and computer algebra. Our experiments show that this approach consistently

outperforms many specialized algorithms in both speed and accuracy.

I will explore in the talk both the theoretical details and the practical implementation aspects of
this method. Furthermore, I will provide numerical experiments demonstrating concrete success
stories. Examples include:

. Finding the nearest matrix whose eigenvalues are all in a given set ) (nearest stable matrix)

[7]. Here the information 6 is a unitary matrix that brings the solution into Schur form;

. Finding the nearest singular pencil to a given one [3], including variants of the problem such

as the nearest pencil with a prescribed minimal index. Here the information 6 is a pair of
unitary matrices that bring the solution into generalized Schur form;

. Finding the nearest singular matrix with an additional linear constraint (e.g. sparsity pattern,

Toeplitz structure, etc.) [4]. Here the information € is an eigenvector;

Finding the nearest matrix of prescribed rank r and an additional linear constraint [4]. Here
the information @ is a set of n — r eigenvectors;

. Finding the nearest unstable matrix, i.e., requiring at least one eigenvalue to lie outside the

set 2 [4]. Here the information 6 is an eigenvector;

. Finding the nearest matrix polynomial of prescribed rank [4]. Here the information 0 is a

null polynomial vector;

Finding the approximate GCD of two scalar polynomials [4]. Here the information 6 is a
vector contatining the coefficients of two polynomials related to the problem.
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Recent Advances in Mixed-Precision (Hybrid) Iterative Methods

Eda Oktay, Erin Carson
Abstract

Mixed-precision hardware has recently become commercially available, and more than 25% of the
supercomputers in the TOP500 list now have mixed-precision capabilities. Using lower preci-
sion in algorithms can be beneficial in terms of reducing both computation and communication
costs. According to the recently developed mixed-precision benchmark, HPL-MxP, multiple super-
computers today already exceed exascale (10'® floating-point operations per second) performance
through the use of mixed-precision computations. Many current efforts are focused on developing
mixed-precision numerical linear algebra algorithms, which will lead to speedups in real applica-
tions. These new algorithms are increasingly being implemented in libraries, such as the MAGMA
library.

Motivated by this, the aim of this talk is to discuss recent advances in developing and analyzing
mixed-precision variants of iterative methods. Iterative methods for solving linear systems and
least squares problems are useful in practice when the coefficient matrix is large and sparse or not
explicitly stored and /or when accuracy less than machine precision is sufficient. An iterative method
starts with an initial guess and then iteratively improves the solution to the desired accuracy. One
can use stationary methods, Krylov subspace methods, or some hybrid approach, depending on the
problem. We focus on hybrid methods, where we use a Krylov subspace method as an inner solver
of a variant of Newton’s approach (stationary method), such as RQI and iterative refinement.

Iterative methods can be used to improve the accuracy of solutions to least squares (LS) problems
ming||b — Azx||2, where A € R™*". Using the QR factorization A = [Q1 Q2][R 0], the solution
to the LS problem is given by # = U~1Q¥b and the residual by r = ||b — Ax|]2 = [|Q1b||2. The LS
problem can also be solved via the normal equations, AT Az = A”b, which are equivalent to the

augmented system [1]
Ime A r b ~ ~
[AT 0} M_ M or Ar=b
—_—a R~

A T b
If m > n, then the system is called overdetermined, and if m < n, it is underdetermined. Weighted
LS (WLS) is used when there are discrepant rows in A. In this case, weights can be assigned to these
rows to minimize discrepancy. In classical least squares, there is an assumption that perturbations
are confined to the vector b. This is not necessarily realistic in practice. If A and b may both be

perturbed (fl, b, respectively) so that b is in column space of A, this problem is called total LS
(TLS).

Krylov subspace methods work by selecting approximate solutions from a Krylov subspace. The
search space is formed via nested Krylov subspaces, and the solution is obtained from a sequence
of projections onto the search space. Although these solvers can be fast and/or stable, for large
problems, they may not be memory efficient and slow down performance. To speed up and exploit
parallelism, techniques such as mixed-precision can be used.

Error analysis is important for determining how rounding errors propagate in computations and
identifying potential sources of amplification. For a function f : R™ — R™, the backward error in
the approximation y to f(x) is the smallest Az such that y = f(z + Az), i.e., [10]

n(y) = min{e : y = f(z + Ax), [[Az|| < eflz]|}.
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Backward error analysis [9] aims to derive a bound on the backward error. If the backward error
is small, then we say the algorithm is backward stable. The forward error measures the difference
between the computed and the exact solution. As defined in [10], the relative forward error of
y ~ f(z) can bounded in terms of the relative backward error 7(y) by

ly — f (@)

T cond(f,z)n(y) + O(n(y))?,

where

cond(f,z) = limesy  sup I f(z+ Az) — f(z)]

| Az <ellzl| el f ()]

is the condition number, which measures the sensitivity of the solution to small perturbations in
the input data.

Mixed-precision Rayleigh quotient iteration for total least squares problems

We first focus on the use of Rayleigh quotient iteration (RQI) to solve the TLS problem, which is
the approach advocated in [2] for large-scale problems, and introduce a mixed-precision variant of
the RQI-PCGTLS algorithm (RQI-PCGTLS-MP) [8]. This approach solves the eigenvalue problem

ATA ATp] [ z | ®

[bTA bTb} [—1] - [—1]
to find « = zprs, where A = 02, and 02, is the smallest singular value of [4,b]. Our approach
potentially decreases the computational cost of RQI-PCGTLS by using up to three different pre-
cisions in the algorithm. Moreover, to enable the use of lower precision for more ill-conditioned
systems, we use the R-factor from the Householder QR factorization of A instead of the Cholesky
factorization of AT A within RQI-PCGTLS-MP. We discuss the convergence and accuracy of our
algorithm and derive two theoretical constraints on the precision that can be used for the construc-
tion of the preconditioner within the inner solver. To evaluate to what extent the computational
cost can be reduced by using the mixed-precision variant with Householder QR factorization, we
construct a performance model. Our numerical experiments and performance model show that

one can get up to 4x speedup while keeping the working precision accuracy when fpl6 is used in
computing QR factors.

GMRES-based iterative refinement and its variants

Another variant of Newton’s method is the iterative refinement (IR) algorithm. As RQI, IR al-
gorithms require a linear solver in each outer iteration. The standard IR (we refer to as SIR)
algorithm in [9] first computes the initial approximation using Gaussian elimination with partial
pivoting and uses approximate LU factors of A to solve for the correction term which then refines
the current solution. To increase the range of problems that can be solved with IR, a Krylov
subspace method, such as preconditioned GMRES, can be used to solve the linear systems as in
RQI-PCGTLS; this three-precision approach is called GMRES-IR [3]. GMRES-IR uses precisions
with unit round-off u; for LU factorization, u, for residual computation, and u for storing data and
solution. For stability analysis of methods such as IR variants, we can derive forward and error
bounds under a constraint on the conditioning of the coefficient matrix, x(A4). For a non-singular
square matrix, the condition number is defined as r,(A) = || Al|,[|A7Y|, with the associated norm
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p. As long as koo(A) < u QUJTI and u, = u?, GMRES-IR provides accurate solutions with the
forward and (normwise) backward errors

£ = oo

241

~ O(u) and ~
[A]loo |00 + [1b]]o0

respectively, while SIR is guaranteed to have this forward error only if Ko (A4) < u;l and u, = u?.

GMRES-IR can be much more expensive than SIR, depending on the number of iterations per-
formed. One way to speed up the convergence of the GMRES solver is using recycling. In an effort
to reduce the overall computational cost of the GMRES solves within GMRES-IR, we introduce
a recycled GMRES-based iterative refinement algorithm called RGMRES-IR [6]. The algorithm
starts with computing the LU factors of A and computing the initial approximate solution in the
same manner as GMRES-IR. Instead of preconditioned GMRES, however, the algorithm uses pre-
conditioned GCRO-DR to solve the correction equation. In the RGMRES-IR algorithm, as in
GMRES-IR, we use three precisions. Numerical experiments show that RGMRES-IR. decreases the
total GMRES iterations performed, especially when the matrix is badly conditioned. Even when
GMRES-IR cannot converge, we observe that our variant can still converge.

Overdetermined standard least squares problems can be solved by using mixed-precision within
the iterative refinement approach. It has been shown that mixed-precision GMRES-IR can also be
used, in an approach termed GMRES-LSIR [4]. GMRES-LSIR solves the augmented system using
GMRES preconditioned by a preconditioner M computed using the QR factors of A:

| ol WU
M= [UT@? 0 }

where A = QU is the thin QR factorization of A. As long as keo(A4) < ufl/zujil, and assuming
u, = u?, GMRES-LSIR provides O(u) backward and forward error. Furthermore, using the left
preconditioner M, the conditioning of the preconditioned augmented matrix can be bounded by

f cmn

mn ~

Foo(M ™' A) S (14 2my/nd,,ko0(A))?,  where 7, = ———,
1 —mnuy

and c is a small constant. In practice, we often encounter types of least squares problems beyond
standard least squares, including the WLS problem min,, || D'/2(b— Az)||z, where D'/2 is a diagonal
matrix of weights, which is possibly ill-conditioned. WLS problems can be solved via the normal
equations or the corresponding augmented system,

T o T Ckl)i1 A Oéily o b
A" DAx = A" Db and {AT O][m = 1ol

respectively, where y = D(b — Az), « is the scaling factor for stability. We present the FGMRES-
WLSIR algorithm, a variant of GMRES-LSIR for solving WLS problems using flexible GMRES
(FGMRES), and discuss and analyze two different preconditioners [5]; a left preconditioner and a
block diagonal split preconditioner,

aD™' QR

M= [RTQT 0 0 ¢

-1
],ande:[aD 0},

respectively, where C~a'ATDA is a symmetric positive definite approximation to the Schur
complement.
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Multistage mixed-precision iterative refinement

In some cases, SIR can fail depending on the conditioning of the matrix and the precisions used.
However, using GMRES-IR can be more expensive since one GMRES-IR iteration is more ex-
pensive than one SIR iteration. To benefit from both approaches and their variants, we propose
a multistage IR approach (MSIR) to reduce the computation cost while improving applicability
[7]. Our approach automatically switches between solvers and precisions if slow convergence (of
the refinement scheme itself or of the inner GMRES solves) is detected using stopping criteria.
With MSIR we attempt to use “stronger” solvers before resorting to increasing the precision of the
factorization, and when executing a GMRES-based refinement algorithm, we modify the stopping
criteria to also restrict the number of GMRES iterations per refinement step. Our experiments
show that since the algorithmic variants often outperform what is dictated by the theoretical con-
dition number constraints there can be an advantage to first trying other solvers before resorting
to increasing the precision and refactorizing.
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Mixed Precision Iterative Refinement for Linear Inverse Problems

Lucas Onisk and James G. Nagy
Abstract

We are interested in linear discrete inverse problems which involve the reconstruction of objects or
signals from noisy observed data. The available linear system is given by

Az +e =, (1)

where A € R™*"™ m > n is a matrix whose singular values decay without significant gap and cluster
at the origin (i.e., the matrix is ill-conditioned). Discrete inverse problems can arise through the
discretization of Fredholm integral equations of the first kind; see [5, 3|, but can also arise in massive
data streaming problems such as the training of the random feature model in machine learning [8]
or limited angle imaging problems including, for example, those from medical imaging [2]. To derive
a meaningful solution from the available problem, regularization is needed.

In Tikhonov regularization, the least-squares problem associated with (1) is replaced by the penal-
ized least-squares problem

min {||Az — b} + a? | L3} (2)
where @ > 0 is a regularization parameter that balances the sensitivity of the solution vector to
the error in b, as well as the closeness to the desired solution of the unavailable error-free problem.
When the regularization matrix L € R**™ is chosen so that the null spaces of A and L trivially
intersect then the solution of (2) may be written in closed form.

Iterative refinement (IR) has long been utilized as an iterative strategy to improve the accuracy of
numerical solutions to linear systems of equations. Recent works by Higham and collaborators have
considered the use of IR in conjunction with mixed precision computing in light of recent advance-
ments in hardware capabilities; see [6, 1]. Our interests of studying IR applied to the Tikhonov
problem were motivated by the work [7] which considered the solution of symmetric positive defi-
nite linear systems and least-squares problems in mixed precision which showed regularization to
be a key requirement when computing low precision factorizations.

The k' iterate of IR applied to the Tikhonov problem in standard form, (AT A + o21 )x(k) = ATp,
where L = I may be written recursively as

1

g = (=1 4 (ATA + aQI)_l ATp(k=1) _ 2 (ATA + onI)_ k1) (3)

where 7*~1) = b — Az(*=1 denotes the (k — 1) residual. Riley in [9] and Golub in [4] note that
the IR procedure in (3) is equivalent to iterated Tikhonov regularization in exact arithmetic whose
k" iterate is given by

a® = 2= (AT A + oz2[)71 ATpk=1)
which may be interpreted as a preconditioned Landweber method, or, from a mathematical opti-
mization point of view - a preconditioned gradient descent method with fixed step size.

To better understand the application of mixed precision IR applied to the Tikhonov problem we
derive a methodology to formulate the iterates as filtered solutions by writing them as a recursive
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relationship between the iterates of preconditioned Landweber with a Tikhonov-type preconditioner
and previous iterates. A filtered solution is of the form

uJTb
Tpiar = Y bj——v;
;7

where vectors u; and v; correspond to left and right singular vectors of A, respectively. The o;
correspond to the singular values of A. An intelligent selection of the filter factors ¢; can remove
deleterious components of the approximate solution to the least-squares problem stemming from
(1). By considering a filtered solution, we are able to study the effect that each level of precision
utilized in IR has on (i) the quality of the approximate solution and (ii) the number of iterations the
algorithm requires to terminate according to some termination criterion. We demonstrate in our
numerical results that mixed precision IR on the Tikhonov problem gives comparable or superior
accuracy against results computed in double precision as well as another benchmark which supports
its use in modern applications that natively support mixed precision floating-point arithmetic.
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Absorbing boundary conditions form Padé approximants (sometimes):
continued fractions are the key

Michal Outrata, Lukds Jakabcin, Martin J. Gander

Abstract

The solution process of problems on unbounded domains usually require a domain truncation and
therefore artificial boundary conditions, leading to techniques such as perfectly matched layers
(PML) or absorbing boundary conditions (ABC), see [1, 2] for references. To be concrete, taking
Q) C R? as an infinite strip (sometimes called a waveguide), then the original problem (or its
discretization)

Lyu=f in{,
(or L%u=f£>)
Bu =g on 0,
is truncated to

Lv=f inQTne

Btruncv =g on aQtrunC’ (OI’ Lv = f)
where Q is the region in which we want to approximately compute u, Q*BC is a the bounded
region with which we replace the (originally unbounded) Q\Q and Q"¢ = Q U Q*BC is bounded.
We have B¢ = B wherever 9Q"""¢ coincide with 99 and usually introduce a simple boundary
condition along the remainder of 9O e.g.. Dirichlet. Naturally, this is also reflected at the
discrete level where the infinite matrix L is replaced by a finite matrix L, which is identical with
L*> for the unknowns of the interior of Q"¢ and those where 9Q""¢ coincide with 2. Domain
truncation is also important in domain decomposition methods where a given computational do-
main is decomposed into many smaller subdomains, and then subdomain solutions are computed
independently in parallel. The solutions on the smaller subdomains can naturally be interpreted
as solutions on truncated domains, and thus it is of interest to use ABC or PML techniques at the
interfaces between the subdomains. The classical Schwarz method uses Dirichlet transmission con-
ditions between subdomains and an overlap to achieve convergence [2]. The overlap coupled with
the Dirichlet boundary condition can be thus interpreted as a specific ABC once the unknowns of
the overlap are folded onto the interface — an idea that inspired number of iterative solvers, see [1]
and the references therein.

An interesting question of a discrete optimized ABC/PML for problems with finite difference grids
has been discussed in [3] for £ being the Laplacian and then extended to the Helmholtz equation
in [4] — in both of these, the authors answer the question:

Having QABC fized, what is the best mesh for finite difference discretization
(possibly staggered) so that v|g ~ ulg ?

Here, we are interested in the complementary question:

If the discretization method is fixed, what is the effect of prolonging the trunca-

QABC

tion domain on v|g ~ ulg?
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We also start with £ being the Laplacian and, after discertization, start with the known corre-
spondence of the discrete ABC and the Schur complement, see [1, Remark 14 and below]. We use
its eigendecomposition, which is closely linked with its Fourier analysis (sometimes also called the
frequency domain analysis), and show that in the spectral domain the ABC is naturally represented
as the i-th convergent of a particular continued fraction, namely

1
24— — L

Yyt

ABC(z) ~ 242z —

where the fraction has “i levels” and z corresponds to the Fourier frequency. After relating ¢ to the
prolongation of Q*B€ as posed in our question, we also show that the infinite continued fraction
(i.e., without stopping after i levels) gives a natural representation of the optimal ABC for the
infinite problem Lu = f, hence obtaining the first part of the answer:

Prolonging QABC corresponds, in the spectral domain, to approzimation of the
optimal ABC' in the sense of truncation of its continued fraction expansion.

Thanks to the deep results connecting continued fractions and approximation theory, namely Padé
approximation (see [6]), we expand on this by concluding

In the spectral domain, the ABC approzimates the optimal one in the sense of
Padé approximation about the right endpoint of the spectrum of L. Prolonging
(shrinking) Q2BC corresponds to increasing (decreasing) the order of the Padé
approximant.

This suggest that for 7 not too large the approximation quality is rather poor around the left
endpoint of the spectrum of L, showing us some room for improvement. One such improvement
corresponds to considering different boundary conditions where we can, i.e., along what we above
called “the remainder of 9Q""™¢” e.g., Robin boundary condition. Using the free parameters well,
e.g., the Robin parameter, we can decrease the approximation error. Another, different, to improve
on the above ABC is to change the Padé expansion point, hence introducing a new ABC/PML
technique. Notice that in such case, we still obtain a different PML to these in [3, 4] as we do
not change the discretization. Both of these improvements can be optimized so as to decrease
the approximation error v|g ~ u|s. We demonstrate all of our results also numerically and then
comment on possible generalizations. Some of these results have been published in [5].

References

[1] M. J. Gander, H. Zhang. A class of iterative solvers for the Helmholtz equation: factorizations,
sweeping preconditioners, source transfer, single layer potentials, polarized traces, and optimized
Schwarz methods. SIAM Review, volume (61): 3-76, 2019

[2] M. M. Rana, V. E. Howle, K. Long, A. Meek, W. Milestone. A New Block Preconditioner
for Implicit Runge-Kutta Methods for Parabolic PDE Problems. SIAM Journal on Scientific
Computing, volume (43): S475-S495, 2021

287



3]

D. Ingerman, V. Druskin, L. Knizhnerman.Optimal finite difference grids and rational ap-
proximations of the square root : I. Elliptic problems. Communications on Pure and Applied
Mathematics, volume (53): 1039-1066, 2000

V. Druskin, S. Giittel, L. Knizhnerman. Near-optimal perfectly matched layers for indefinite
Helmholtz problems. SIAM Review, volume (58): 90-116, 2016

L. Lorentzen, H. Waadeland. Continued Fractions with Applications. Elsevier, North Holland,
in series Studies in Computational Mathematics 3, 1992

M. J. Gander, L. Jakab¢in, M. Outrata. Domain truncation, absorbing boundary conditions,
Schur Complements, and Padé approximation. Flectronic Transactions on Numerical Analysis,
volume (59): 319-341, 2024

288



Error estimate and stopping criteria for least-squares problems solved by
CG-like algorithms CGLS and LSQR

Jan PapeZ, Petr Tichy
Abstract

In [2], we presented an adaptive estimate for the energy norm of the error in the conjugate gradient
(CG) method. Using the notation from [2, Alg. 1], A-norm of the error between the exact solution
of Az = b and the CG approximation x, given in the fth step is estimated as

k
o — wel% > AGE =3 ayllry %, (1)
j=t

where |[v||% = vT Av denotes the squared A-norm. Integrating the estimate into the existing CG
code is straightforward and simple; see [4, Alg. 1]. At the current kth CG iteration, we get an
estimate with the delay d = k — £ for previous approximation x,. The delay d is set adaptively by
[4, Alg. 2]. From the construction, AY yields a lower bound

cG
o — 2|3 > AL

In [4] and in the prospective talk at Householder Symposium XXII we consider algorithms for
solving least-squares problems with a general, possibly rectangular matrix

min [|b — Az||, beR", AeR"™" n>m,
reR™

that are mathematically based on applying CG to a system with a positive (semi-)definite ma-
trix AT A. We discuss CGLS based on Hestenes—Stiefel-like implementation as well as LSQR based
on Golub—Kahan bidiagonalization, and both unpreconditioned and preconditioned variants. We
show that the adaptive estimate used in CG can be extended for these algorithms to estimate the
monotonically decreasing quantity

lz = zollZra = llrell® = 17117, (2)

where z = A'b is the minimal norm solution, z; is the approximation in the ¢th step of CGLS or
LSQR, rg = b — Az, and 7 = b — bjr(4) with bjz(4) being the orthogonal projection of b onto the
range of A.

For example, the estimate
k
2 __ ALSQR _ 2
|z = @elldr g = App™ = Z¢j+l?
j=k

for estimating the quantity of interest (2) in LSQR algorithm is given, analogously to Agg, as a

sum of scalar terms, which are available in the algorithm; here we use the notation from [4, Alg. 4].
LSQR . 2

Moreover, A" provides a lower bound on ||z — @[/ 4-

We emphasize the applicability of the estimates (bounds) for the computations in finite-precision
arithmetic. Their derivation is only based on local orthogonality, which is typically well preserved

289



during computations; see [5]. We demonstrate that the estimates remain computationally inexpen-
sive to evaluate and are numerically reliable in finite-precision arithmetic under mild assumptions.
These qualities make the estimates highly suitable for stopping the iterations.

One can consider the stopping criterion requiring that

Irell = 1712

e < )

for a prescribed tolerance e. It is clear from (2), that after ||r¢|| ~ ||r||, further iterations bring no
significant decrease of the residual norm ||r¢||. Using (2), the criterion (3) is equivalent to

€
1—e¢

lz — 2l e 4 < rell,

where the estimate for || — 2¢[|%s , can be used.

Another stopping criterion based on a backward error can also be considered when applying our
estimates. This criterion aims to identify the iteration at which the computed approximation can
be interpreted as the least-squares solution to a perturbed system

min b+ f) — (4 + E)e].
with
min{¢ such that 1] < AN A1 < ol < e

This backward error for stopping LSQR iterations has been studied, e.g., in [3, 1], and can be
approximated using the asymptotically tight bound

H.T - xf||124TA .
[N el + loll”
see [1].

Finally, we present a range of numerical experiments to confirm the robustness and very satisfactory
behaviour of the estimates for CGLS, LSQR, and also their preconditioned variants. We hope that
these estimate will prove to be useful in practical computations. They allow us to approximate,
with the prescribed relative accuracy, the quantity of interest at a negligible cost.
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AdaCUR: Efficient Low-rank Approximation of Parameter-dependent
matrices A(t) via CUR decomposition

Taejun Park, Yuji Nakatsukasa
Abstract

Let A(t) € R™*" be a parameter-dependent matrix and suppose we want to compute its low-rank
approximation at a finite number of parameter values t1,t2,...,t,. This problem arises in several
applications including the compression of a series of images, dynamical systems, and Gaussian pro-
cess regression, where low-rank approximations are needed for the sequence A(t1), A(t2), ..., A(ty).
While existing methods such as dynamical low-rank approximation [6] and random embedding
techniques [7] offer solutions, they typically incur a complexity of O(r;T4,)) for each parameter t;,
with r; as the target rank and T)(;,) as the cost of a matrix-vector product with A(t). We propose
an alternative approach using the CUR decomposition, which can accelerate low-rank approxima-
tion to an average complexity of O(TA(ti)) while addressing key challenges, such as rank-adaptivity
and error control, often missing in other methods.

The CUR decomposition [3, 5, 8, 11] approximates a matrix A using subsets of its rows and columns:
A= CU'R,

where C and R are subsets of A’s columns and rows, and U is their intersection. This decomposition,
in contrast to methods like the truncated SVD, preserves properties such as sparsity and aids in
data interpretation by identifying significant columns and rows. For A(t), recomputing row and
column indices for each ¢; is inefficient, as indices derived for one parameter value may still provide
useful information for nearby parameters. Building on this insight, we introduce an algorithm,
AdaCUR [12], which maximizes the reuse of row and column indices across parameter values.

AdaCUR computes low-rank approximations of parameter-dependent matrices via CUR decompo-
sition:
A(t) = C(OU () R(),

where C(t) and R(t) are subsets of the columns and rows of A(t), and U(t) is their intersection.
Starting from an initial CUR decomposition, AdaCUR reuses row and column indices until the
error exceeds a specified threshold, at which point the indices are recomputed. To achieve this
efficiently and reliably, we rely on a variety of tools from randomized numerical linear algebra [9].
Specifically, we use pivoting on a random sketch [1, 2] to obtain a reliable set of row and column
indices, randomized rank estimation [10] to adapt to rank changes across parameter values, and
randomized norm estimation [4] to approximate the relative error, ensuring effective error control.
The resulting algorithm is efficient, rank-adaptive, and incorporates error control.

Additionally, we present FastAdaCUR, a variation that prioritizes speed over precision. Fas-
tAdaCUR achieves linear complexity in m and n after an initial index computation phase. Al-
though highly efficient and rank-adaptive, it lacks rigorous error control, as it emphasizes speed
over accuracy by only examining a subset of rows and columns of the matrix.
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Efficient Dynamic Image Reconstruction with Motion Estimation

Mirjeta Pasha, Toluwani Okuanola, Misha Kilmer, and Melina Freitag
Abstract

Large-scale dynamic inverse problems are typically ill-posed and suffer from complexity of the
model constraints and large dimensionality of the parameters. A common approach to overcome
ill-posedness is through regularization that aims to add constraints on the desired parameters in
both space and temporal dimensions. In this work, we propose an efficient method that incorpo-
rates a model for the temporal dimension by estimating the motion of the objects alongside solving
the regularized problem. In particular, we consider the optical flow model as part of the regular-
ization that simultaneously estimates the motion and provides an approximation for the desired
image sequence. To overcome high computational cost when processing massive scale problems,
we combine our approach with a generalized Krylov subspace method that efficiently solves the
problem on relatively small subspaces. Further, we explore subspace restarting and recycling to
overcome limited memory constraints and preconditioning to accelerate convergence. The effective-
ness of the prescribed approaches is illustrated through numerical experiments arising in dynamic
computerized tomography and image deblurring applications.
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Fast Iterative Solvers for Optimization of Nonlocal PDEs

John W. Pearson

Abstract

In this talk, we consider fast and effective numerical methods for optimization problems where
partial differential equations (PDEs) act as constraints, so-called PDE-constrained optimization.
Such problems have numerous applications across science and engineering, for instance in fluid flow
control problems, chemical and biological processes, mathematical finance, and medical imaging,
to name a few. To give an example of a problem structure, consider the following formulation:
Iaiun %Hy — /y\HQQl(Q) + gHuHéQ(Q) st. Dy=wu in ),

where y and u denote one or more state variables (PDE variables) and optimal control variables
respectively, ¥ is a desired state, B > 0 is a regularization parameter, and D represents a differential
operator equipped with boundary conditions. The problem is posed on a (generally space-time) do-
main , with @1 and Q2 two (given) norms. It is possible to impose additional algebraic constraints
on the states and/or controls.

The vast majority of work on the optimal control of PDEs has involved local PDFEs, where the
behaviour of the PDE at a point in ) can be described by problem features within a small neigh-
bourhood of that point. In this talk we consider the emerging field of nonlocal PDE-constrained
optimization, including problems with fractional derivatives, integro-differential equations, or (in-
tegral) kernel functions. On the numerical linear algebra level, this leads to dense linear systems,
as opposed to the sparse matrices obtained from many discretizations of local PDEs. However, by
exploiting the structures of the relevant matrices, we are nonetheless able to construct viable and
robust schemes for problems of dimensions that would otherwise be out of reach.

Specifically, we derive preconditioned iterative methods to tackle huge-scale linear(ized) systems
that result from nonlocal PDE-constrained optimization, and carefully utilize structures that arise
in such systems to enhance the efficiency of solvers. For example,

e We build a spectral-in-time Newton-Krylov method for solving multiscale particle dynamics
problems, closely related to mean-field games and mean-field control, to high accuracy [1]
(see also [2]). At each Newton iteration for the nonlinear problem, we may apply column
operations to the Jacobian matrix to ensure invertibility of the leading block, then construct
structured, Kronecker product-based preconditioners for the resulting Schur complement.
This leads to rapid GMRES convergence for large and dense systems.

o We devise a new technology for nonlocal image denoising problems [3], applying an unnormal-
ized extended Gaussian ANOVA kernel within a bilevel optimization routine. Matrix—vector
multiplications may be applied via a (matrix-free) Nonequispaced Fast Fourier Transform,
and the Conjugate Gradient method accelerated using a novel change of basis approach cou-
pled with a diagonal preconditioning strategy. As a result, rapid and effective denoising for
very large problems may be achieved with modest storage requirements on a computer.

o We tackle optimization problems constrained by certain space-time fractional differential
equations with additional state and/or control constraints [4]. This is accomplished by ex-
ploiting the multilevel Toeplitz structure of many of the matrix sub-blocks, deriving multilevel
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circulant preconditioners based on this, and designing a recursive linear algebra which leads
to very low storage requirements and operation costs.

This talk will outline some of the progress made in the above areas. In each case, as opposed to
exploiting the property of sparsity as one would do for local problems, we utilize structure which
the problem provides us with (Kronecker-product approximation, Gaussian kernel which allows a
fast discrete transform, or multilevel Toeplitz) in a bespoke way. We will also provide an outlook
of the subject area, discussing new applications of nonlocal PDEs and optimization problems, and
outlining how the above methods could be adapted to resolve these challenges.
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Global and local growth behavior of GEPP and GECP

John Peca-Medlin

Abstract

Gaussian elimination (GE) remains the most used approach to solve dense linear systems in modern
applications. For instance, GE with partial pivoting (GEPP) is the default solver in MATLAB
when using the backslash operator with a general input matrix. Additionally, GE is a staple of
introductory linear algebra courses (although, based on anecdotal evidence, it may not be a favorite
among all students).

GE iteratively uses elimination updates below the diagonal on an initial input matrix A € R™*™ to
transform A into an upper triangular linear system, which eventually builds the matrix factorization
A = LU, where L is a unit lower triangular matrix and U is upper triangular. General nonsingular
A will not have a LU factorization if any leading minors are singular, i.e., if det(Ai]-)ﬁ =1 =0
for some k < n — 1. Moreover, numerical stability of GE when using floating-point arithmetic is
sensitive to any elimination steps that involve division by numbers close to 0. Hence, combining GE
with certain pivoting schemes is preferable even if not necessary. A pivoting strategy results instead
in the factorization PAQ = LU where P and @ are permutation matrices (see [10, 13| for studies of
random permutations generated using GEPP). I will focus on the two particular pivoting strategies
GEPP and GE with complete pivoting (GECP), as well as the standard GE with no alternative
pivoting strategy (GENP). I am interested in studying how GEPP and GECP behave on the same
linear systems as well as studying large growth (see below) on particular subclasses of matrices,
including orthogonal matrices. Moreover, as a means to better address the question of why large
growth is rarely encountered, I further study matrices with a large difference in growth between
using GEPP and GECP, and I explore how the smaller growth strategy dominates behavior in a
small neighborhood of the initial matrix. This is a summary overview for my recently published
results in [11].

Understanding the behavior of GE under floating-point arithmetic has been an ongoing focus of
numerical analysis for over 60 years. Early work by Wilkinson in [17], which led to the start of
modern error analysis, considered studying the relative errors of computed solutions X to Ax = b
through the bound

N (k)
[x — X[l 2 max; jj |A;; |
— =<4 i A)p(A h A= ————
et T
is the growth factor, reo(A) = ||Alls]|A™ o is the oo-condition number, and A®*) is the interme-

diate form of A after k — 1 GE steps, with A1) = A and A = U. The growth factor returns the
relative largest entry ever encountered running through the entire GE process. Using GECP, p(A)
takes the simpler form p(A) = maxy |Ukg|/|U11| while in general the largest entry is not necessarily
captured by U. In well-conditioned systems, error analysis of GE can then be reduced to analysis
of the growth factor.

Understanding worst-case bounds on p (i.e., the growth problem) using different pivoting strategies
has been a continued area of research since Wilkinson’s initial analysis in the early 1960s. Wilkinson
resolved the worst-case behavior of GEPP, showing the bound p®FFP(4) < 27~1 for A € R™™ is

sharp [17, 18]. For GECP, however, Wilkinson in the same work only provided an upper bound of

pGECP(A) < (n .9. 31/2 .. _nl/(nfl))1/2 <2. n0.251nn+0.5’
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which is believed to be very pessimistic. For a long time a conjecture (of apocryphal origins;
cf. [5]) ventured the bound p&FF < n (for real matrices). This conjecture survived for almost
three decades, until Gould [6] found a “counterexample” for n = 13 by producing a matrix using
floating-point arithmetic with GECP growth of 13.0205 in 1991. Edelman [4] confirmed a true
counterexample in exact arithmetic one year later. No substantial progress on the GECP growth
problem was made for another 30 years later until 2023. Edelman and Urschel [5] establish a linear
lower bound on pSECP at least 1.0045n for n > 10, by upgrading Edelman’s computational tech-
nique to upgrade Gould’s floating-point “counterexample” into an exact arithmetic counterexample
(by updating one entry by 10~7) into a theorem establishing floating-point and exact arithmetic
growth factors cannot be too far from one another (cf. Theorem 4.2). Moreover, later that same
year, Edelman and Urschel along with now Bisain [3] provide the first substantial improvement to
Wilkinson’s upper bound for pSFCP  where (using a modified Hadamard inequality) they provide
a bound of n¢19en+0-91 ysing ¢ ~ 0.20781, which beats Wilkinson’s original exponential logn coef-
ficient of 0.25. The huge gulf between these lower and upper bounds leaves much on the table for
future improvements.

More recent analysis of matrix algorithm efficiency and accuracy has shifted away from worst-case
analysis to more modern approaches, such as smoothed analysis (cf. [15] and references therein),
which studies behavior under random perturbations. A full smoothed analysis using Gaussian
(additive) perturbations has been successfully implemented in the case of GENP growth factors by
Sankar, Spielman, and Teng [14], but has remained out of reach for both the GEPP and GECP
growth problem. The closest such result for GEPP was the recent average-case analysis work of
Huang and Tikhomirov [8], which established high probability polynomial growth bounds using
input matrices with independent and identically distributed (iid) standard normal entries, but
their proof strategy cannot be upgraded to a smoothed analysis approach (i.e., they only establish
bounds on Gaussian perturbations of the zero matrix). No such (non-empirical) result for GECP has
come close to smoothed analysis nor a full average-case analysis (other than with very particular
structured random matrices in [9]). So worst-case analysis remains relevant for these pivoting
strategies.

Our focus will be on studying the growth behavior of using both GEPP and GECP on the same
linear system, and on how each strategy can inform growth behavior about the other. In particular,
I am interested in local growth behavior around a system with large differences in growth behavior
between both strategies. For instance, I am interested in the question of whether small pertur-
bations on an initial system with a large discrepancy in growth behavior between both strategies
concentrates toward the smaller growth for both strategies? For example, if A has large GEPP
growth and small GECP growth, and if G is an iid Gaussian matrix, I am interested in how often
pSEPP(A 4+ @) =~ pCECP(A) for sufficiently small . To move toward addressing this question, I
will establish bounds on how far apart differences in growth between both strategies can be when
used on the same input matrix.

I will further focus on large growth for particularly structured matrices, including orthogonal ma-
trices. This will include a refinement to the largest possible GEPP growth on orthogonal matrices,
while also establishing a rich set of matrices for further study with large growth difference be-
havior. Growth for structured systems has proven fruitful in recent studies. For instance, growth
using GENP, GEPP and GE with rook pivoting (GERP) for matrices formed using the Kronecker
products of rotation matrices (i.e., @" SO(2)) is now completely understood [12], with even a full
picture understood using GECP on a further subclass of these Kronecker product matrices [9].
Although GE should not be a first choice for solving orthogonal linear systems (viz., @x = b has
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the solution x = Qb when @ is orthogonal), there are situations when applying GE to orthogonal
matrices makes sense. For example, Barlow needed to understand the effect of GEPP on orthogonal
matrices to carry out error analysis of bidiagonal reduction [1]; this led to Barlow and Zha’s analysis
in [2] using GEPP on orthogonal matrices, which they showed maximized a different L?-growth
factor. Additionally, while original studies of random growth factors tended to focus on ensembles
with iid entries (cf. [16]), many authors noted and explored the potential that orthogonal matrices
can produce large growth [7, 16]. Hence, orthogonal matrices remain a rich source of study for
potential large growth factors.
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Using a Blocked Adaptive Randomized Range Finder to Reduce Memory
Requirements in Deep Learning Based on the Householder QR
Decomposition

Carolin Penke
Abstract

Deep neural networks, such as GPT-like transformer architectures, are increasingly prevalent and
consume significant portions of global computing infrastructure, predominantly using GPUs. These
models demand vast datasets and are constrained by available compute capabilities during both the
pre-training stage on supercomputers and the fine-tuning stage on smaller workstations. Enhancing
training efficiency is therefore highly impactful. This work introduces techniques to leverage low-
rank structures for reducing memory requirements and outlines a method to efficiently acquire the
necessary subspaces by using a randomized range finder. We propose a GPU-accelerated algorithm,
based on the Householder QR decomposition that is also applicable beyond deep learning contexts.

In the following, we briefly give background about the randomized rangefinder(3, 5, 8 and about
low-rank methods in deep learning [4, 9]. Here, the randomized rangefinder can be used as a tool
to efficently compute necessary subspace bases. We present a GPU-accelerated variant, based on a
Householder QR decomposition instead of the common Gram-Schmidt-based approach.

Given a matrix A € R™*™ and a rank r € N, the most simple version of the randomized range
finder [B] finds an orthogonal subspace basis @ € R™*" such that range(Q) ~ range(A) as

1. Q@ <« randn(n,r) (fill 2 with random values)
2. Y « AQ (matrix multiply)
3. Q + orth(Y) (e.g. QR decomposition of Y).

The notion range(QQ) ~ range(A) holds in a probabilistic sense. With B := Q7 A, the method yields
a decomposition

A=QB. (1)
The minimal rank r to reach a certain error tolerance € > 0, such that

14— QQTA| <, (2)

can not be known in advance. Instead, an adaptive randomized rangefinder can be employed to
iteratively construct a subspace basis until the desired accuracy is reached.

In the training of a deep neural network, each layer is represented by matrices, including weights,
gradients, and optimizer states. The weights are updated using gradients computed by back prop-
agation, typically along with optimizer states, e.g. in the popular Adam optimizer. These states
encode moving averages of the gradient’s first and second moments, incorporating past iteration
data to guide updates more effectively. However, storing optimizer states requires considerable
memory. Frameworks like LoRA [4] and GaLore [9] reduce memory demands by exploiting the
low-rank structure of gradients.

The popular LoRA framework utilizes a low-rank network architecture to efficiently accumulate
weight updates derived from gradients and optimizer states. The Gal.ore framework follows an-
other approach and dynamically computes a dominant subspace basis of low rank for the gradient
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matrix during training. The optimizer states are represented within this subspace to reduce stor-
age requirements. Rather than relying on a computationally intensive singular value decomposition
(SVD), the use of a randomized range finder offers a more practical and efficient alternative.

In Galore, as in LoRA, the rank r is treated as a hyperparameter, typically chosen based on
intuition or experience (e.g., r = 128). An alternative approach is to use the approximation quality
€ as a more interpretable hyperparameter, alongside an adaptive variant of the randomized range
finder.

With this adaptive method, the dimensionality of subspaces across consecutive training steps can
vary. This enunciates the problem, that adding optimizer states, represented in different subspaces,
is not very meaningful and can lead to deteriorated performance, even when the rank is fixed. A
linear transformation can be applied to ensure subspace consistency. A low-rank optimizer state
M, € R™*"tshould at step t + 1 be substituted by Q11Q¢M;.

With the goal of exploiting the memory hierarchy in modern hardware, a blocked variant of the
Adaptive Randomized Range Finder is presented in [5]. In each iteration, a random matrix € €
R™*? is generated to sample the columns of A via a matrix multiplication AQ. The result is
orthogonalized with respect to previously generated basis vectors using a Gram-Schmidt procedure.

Here, a non-probabilistic stopping criterion is devised by keeping track of the residual A — QB.
The array A is updated to reflect this and approaches zero. A downside of this criterion is the
higher memory requirements as three arrays (@, B, A) need to be maintained. This is relevant in
the context of gradient approximation in deep learning, because, here, available GPU memory is a
significant bottleneck.

Another stopping criterion is devised in [§], which does not necessitate maintaining the residual
matrix, but is derived from the newly computed panels of B instead. Furthermore, the authors
devise an algorithm that avoids passing over A during the loop and move the generation of random
matrices outside the loop. In [2], the randomized range finder is applied as a crucial step in
compressing matrices to Hierarchically Semi-Separable structure. A new probabilistic stopping
allows for a relative error bound.

The other works [3, 5, B, 2] present algorithms based on the adaptive, blocked, Gram-Schmidt-
orthogonalization of A}, where 2 = [Qo e Qk] contains the random panels constructed in the
context of the iteration. In this work, we want to explore the alternative approach of computing
the Householder-Q R decomposition of AS) adaptively, i.e. generating sampled panels AS2 on the fly,
and only computing as many Householder vectors as necessary to approximate the subspace to a
given tolerance.

Our motivation to use Householder over Gram-Schmidt is foremost a practical one. The subspace
computations introduce a significant computational load into the training process, that otherwise
utilizes GPUs very efficiently. The gradients already reside inside GPU memory, so it makes sense
to use a GPU-accelerated algorithm. GPU-accelerated implementations of the blocked Householder
QR decomposition (LAPACK routine *geqrt3) are available [, 7] and can be adapted to perform
the algorithm outlined in the following.

We divide A into blocks, store Householder vectors in V', and successively compute block rows of
B, which can be stored in the memory location of A. Each storage-efficient factorization [§] of a
block yields an upper triangular matrix block, all of which are stored in T

As a notation for referring to blocks, block rows and block columns we use
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Aoo -+ Aok Voo -+ Vok — By —
Ao - Ajp Vio - Vi — B, —

The orthogonal subspace basis in (E]) is represented as @) = Hfzo(f — ViT;ViI'). We use colon
notation to refer to a submatrix of M as M;.; .4, or to part of a block-column as M;.; .

Algorithm E] successively creates the block columns of V' and block rows of B. A can be overwritten
by B due to the error criterion from [§], which only relies on the Frobenius norm of the current
panel of B. For simpler notation we assume the matrix dimensions to be divisible by b.

Algorithm 1 Householder Block Adaptive Randomized Range Finder

Require: A matrix A € R™*", a tolerance €, and a block size b.

B« Al

B+ A

140

while E > € do
Fill Q € R™*® with values from a standard Gaussian distribution.
(Viijin Ti) < ar(Bij,0:£82) > Storage-efficient QR decomposition, geqrt
E« E—|Bilr
14—1+1

end while

V= Via

. B+ BD:i—l,:

13:r«(i—1)-b

Ensure: Rank 7, Householder vectors V' € R™ ", B € R™" Tp,...,T;1 € R?*? such that
|A = QB|[pro < €, where Q = [[iZ5(1 — VITIV{T).

— =

When the sampled panel B;.;0..€) is updated independently of the matrix update in the previous
iteration (line [1] in Algorithm [ll), this update together with the panel factorization on the CPU,
can be overlapped with the matrix update of B. This introduces extra computations but shortens
the critical path, when the block size is chosen in a way to completely hide the panel update and
factorization.

Apart from allowing a GPU-accelerated implementation, the presented Householder QR approach
has the advantage of improved stability over the Gram-Schmidt approach, not needing a reorthog-
onalization step. As we are dealing with rapidly decaying singular matrices in the gradient matrix,
stability becomes a relevant practical consideration.

Methods from randomized numerical linear algebra have promise to become a viable tool in the
context of resource-efficient low-rank deep learning.
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A hybrid method for computing a few singular triplets
of very large sparse matrices

James Baglama, Jeniffer Picucci, Vasilije Perovié

Abstract

Ability to efficiently compute a (partial) Singular Value Decomposition (SVD) of a matrix is es-
sential in a wide range of problems, including data mining, genomics, machine learning, PCA,
and signal processing. In such applications matrices tend to be very large and sparse and one is
typically interested in computing only a few of the largest singular triplets. Over the last several
decades this problem has led to a considerable amount of research and software development, see
e.g., [4,6,7,9,10, 11, 15] and the references therein.

In this talk, for a large and sparse A € R?*™, we present a new hybrid restarted Lanczos bidiago-
nalization method for the computation of a small number, &, of its extreme singular triplets, i.e.,
we compute {0}, u;, vj};?:l such that

T .
Avj:ojuj, Auj:ajvj, ]Zl,Q,...,k.

At the core of our proposed algorithm [3], as in many of the above listed ones, is the Golub-Kahan-
Lanczos (GKL) bidiagonalization procedure which at step m results in the m-GKL factorization

APm = QmBm7 (1)

BT
ATQm = PmB£+fe;{1 = [Pm perl] mT ) (2)
/Bmem
where P, = [p1,...,0m] € R™™ and Q= [q1,---,qm] € RY™ have orthonormal columns, the

residual vector f € R" satisfies PL f =0, B, = ||f|l, and pms1 = f/Bm, and B, is an m x m upper
bidiagonal matrix.

Approximations of the singular triplets of A can then be obtained from the singular triplets of B,,,
and in the case when the norm of the residual vector f is small, the singular values of B,, are
close to the singular values of A. But for modest values of m these approximations are typically
poor (assuming limited memory makes increasing m not an option) and thus leaving one with an
option to modify, explicitly or implicitly, the starting vector p; and restart the GKL process. In [4]
the authors exploited the mathematical equivalence for symmetric eigenvalue computations of the
implicitly restarted Arnoldi (Lanczos) method of Sorensen [13] and the thick-restarting scheme of
Wu and Simon [14], and applied it to a restarted GKL procedure. The resulting thick-restarted
GKL routine, irlba, turns out to be a simple and computationally fast method for computing a
few of the extreme singular triplets that is less sensitive to propagated round-off errors.

However, the irlba routine [4] often struggles when the dimension, m, of the Krylov subspaces is
memory limited and kept relatively small in relationship to the number of desired singular triplets
k. Very recently, in the context of symmetric eigenvalue computation, we were able to overcame this
memory restriction by creating a hybrid restarted Lanczos method that combines thick—restarting
with Ritz vectors with a new technique, iteratively refined Ritz vectors [1]. We recall that in [8]
Jia proposed to use refined Ritz vectors in place of Ritz vectors as eigenvector approximations of a
square matrix M [8]. More specifically, for a given approximate eigenvalue p; of M, Jia’s method
looks to minimize || M z;— ;25| for a unit vector z; from a given subspace W. Moreover, in [8] it was
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shown that on the subspace VW an approximate eigenpair using the refined Ritz vector produced
a “smaller” residual norm than an eigenpair approximation with the Ritz pair. More recently,
in [1] we were able to extend this idea to iterative refined Ritz values/vectors for the symmetric
eigenvalue problem that produces an even smaller residual norm than refined Ritz — this resulted in
a better converging method that outperformed using Ritz or refined Ritz vectors. But this comes
at the price as working with iteratively refined Ritz vectors is more challenging, in comparison
to just Ritz vectors, due to the fact that the scheme of thick-restarting of Wu and Simon is not
available [1]. However, not all is lost and in [1] we introduce an alternate scheme in which, based
on the relationships first proposed by Sorensen [13] and later outlined in detail by Morgan [12],
the iteratively refined Ritz vectors are linearly combined and then used to restart the process. We
choose the constants in a way that the linear combination of the iteratively refined Ritz vectors
resembles a restart, in a somewhat asymptotic sense, of thick-restarting, see [1] for details.

In our most recent work [3], we applied the earlier results from [1] by making a natural connection
between the symmetric eigenvalue problem and the SVD of A € R and considered both the
normal matrix A”A € R™" and the augmented matrix C' = [ 6‘} e REAn*En) - Multiplying
(1) from the left by AT produces the Lanczos tridiagonal decomposition of AT A, namely

BT B,

ATAPm = PmBg;Bm + Cmeme% = [Pm pm—l—l] T
OZmﬁmem

3)

Similarly, in the case of matrix C, after performing 2m steps of the standard Lanczos algorithm
with the starting vector [0; p1] € R“™ we have a 2m x 2m tridiagonal projection matrix, which
when followed by an odd-even permutation gives the following Lanczos factorization [10]

0 A][Qm 0 Qnm 0 0 0 Dm
" = " BL 0 |. (4)
[ATOHO Pm] IOP "
m  DPm+1 5m€717; 0

With the two Lanczos factorization relationships (3) and (4), the theoretical results and properties
related to the hybrid iterative refined Ritz (eigenvalue) scheme in [1] are carried over resulting into
two hybrid routines capable of computing few extreme singular triplets A based on either AT A or
C= [ /?T ’3]. While this extension seems straightforward its implementation on (4), as well as the
new development of iterative refined Ritz working on the normal system, is nontrivial.

Through numerical examples, we have observed in [1, 3] that when memory was limited and only
iterative refined Ritz vectors were used to restart the method there was potential for either slow
or no convergence. In order to overcome this challenge, we developed a hybrid method that, based
on extensive numerical tests and existing heuristics, switches between thick-restarted with Ritz
vectors and under certain criteria it restarts with a linear combination of iterative refined Ritz
vectors. We note that a careful balance is needed here, since on the one side the iterative refined
Ritz vectors can give a better approximation but with possible stagnation, while on the other side
thick-restarted is a more efficient restarting scheme, but with not as good of approximations.

In the rest of the talk we discuss multiple criteria we used to determine when to make a switch
and provide some justification along with several useful heuristics. We also describe a simple yet
powerful variant of our proposed hybrid algorithm (= 100 lines of MATLAB code) where the Krylov
basis size is m = 2 and which requires a nontrivial purging of converged vectors. This simplified
code, with potential for extensions [2], does not require calls to any LAPACK routines, thus making
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it portable and at the same time very competitive on a number of large matrices. For instance, in
[3] we computed the largest singular triplet of a 214 million x 214 million matrix (1.2GB) from the
kmerV1ir dataset on a laptop in just 31 minutes, whereas the irlba method [4] took 75 minutes, and
MATLARB?’s internal svds function required 4 hours. We conclude with several additional examples
that illustrate the proposed hybrid scheme is competitive with other publicly available code when
there are limited memory requirements.
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Randomized Nystrom approximation of non-negative self-adjoint operators

David Persson, Nicolas Boullé, Daniel Kressner
Abstract

A ubiquitous task in numerical linear algebra is to compute a low-rank approximation to a matrix
A. Randomized techniques [8, 9, 10, 12] are becoming increasingly popular for computing cheap,
yet accurate, low-rank approximations to matrices. Most notably, the randomized singular value
decomposition (SVD) [9] has evolved into one of the primary choices, due to its simplicity, perfor-
mance, and reliability. In its most basic form, the randomized SVD performs the approximation
QQ*A ~ A, where @ is an orthonormal basis for the range of A, with € being a tall and skinny
random sketch matrix. In many applications of low-rank approximation, such as k-means cluster-
ing [13], PCA [14], and Gaussian process regression [7], it is known that A is symmetric positive
semi-definite. In this case, one usually prefers the so-called randomized Nystrom approximation [8]

A= AQ(QAQ)Q A~ A, (1)

where (2 is, again, a random sketch matrix. This approximation has received significant attention in
the literature [8, 11, 12] and, like the randomized SVD, it enjoys strong theoretical guarantees. With
the same number of matrix-vector products, the randomized Nystrom approximation is typically
significantly more accurate than the randomized SVD when the matrix has rapidly decaying singular
values. Additionally, the Nystrom method requires only a single pass over the matrix, compared
to two passes for the randomized SVD, enabling all matrix-vector products to be performed in
parallel.

Recently, Boullé and Townsend [4, 5] generalized the randomized SVD from matrices to Hilbert-
Schmidt operators. Subsequent works [3, 6] employed this infinite-dimensional generalization of
the randomized SVD to learn Green’s functions associated with an elliptic or parabolic partial
differential equations (PDE) from a few solutions of the PDE. This approach uses hierarchical low-
rank techniques and exploits the fact that Green’s functions are smooth away from the diagonal
and therefore admit accurate off-diagonal low-rank approximations [1, 2]. Other applications, like
Gaussian process regression and Support Vector Machines, involve integral operators that feature
positive and globally smooth kernels. In turn, the operator is not only self-adjoint and positive but it
also allows for directly applying low-rank approximation, without the need to resort to hierarchical
techniques. Given existing results on matrices, it would be sensible to use an infinite-dimensional
extension of the randomized Nystrom approximation in such situations.

In this work, we present and analyze an infinite-dimensional extension of the randomized Nystrom
approximation for computing low-rank approximations to self-adjoint, positive, trace class opera-
tors. A significant advantage of the proposed framework is that once a low-rank approximation of
the operator is computed, one can use this approximation to compute a low-rank approximation
to any discretization of the operator.
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A Randomized Numerical Method for Joint Eigenvalues of Commuting
Matrices

Haoze He, Daniel Kressner, Bor Plestenjak

Abstract

Let A= {Ay,...,Aq} be a commuting family of n x n complex matrices, i.e., A;A; = A, A; for all
1 < j,k < d. Then there exists a unitary matrix U such that all matrices U*A1U, ..., U*AyU are
upper triangular and the n d-tuples containing the diagonal elements of U*A U, ..., U*A4U are
called the joint eigenvalues of A. For every joint eigenvalue A = (A1,...,Ag) of A there exists a
nonzero common eigenvector x, such that A;x = \jx fori =1,...,d.

The task of numerical computation of joint eigenvalues for a commuting family arises, e.g., in solvers
for multiparameter eigenvalue problems and systems of multivariate polynomials. We propose and
analyze a simple approach, summarized in Algorithm 1, that computes eigenvalues as one-sided or
two-sided Rayleigh quotients from eigenvectors of a random linear combination

A(p) = p1 Ay + poAo + -+ + pgAqg, (1)

where 1 = [p1 --- pg)? is a random vector from the uniform distribution on the unit sphere in C.

We show that Algorithm 1, in particular the use of two-sided Rayleigh quotients, accurately com-
putes well-conditioned semisimple joint eigenvalues with high probability. It still works satisfacto-
rily in the presence of defective eigenvalues. Experiments show that the method can be efficiently
used in solvers for multiparameter eigenvalue problems and roots of systems of multivariate poly-
nomials.

Algorithm 1 Randomized Joint Eigenvalue Approximation
Input: A nearly commuting family A = {A1,..., Ag}, opt € {RQ1,RQ2}.
Output: Approximations of joint eigenvalues of A.

1: Draw p € C¢ from the uniform distribution on the unit sphere.
2: Compute A(p) = u1 Ay + -+ + pglq.
Compute invertible matrices X,Y such that the columns of X have norm 1, Y*X =1,
and Y*A(p)X is diagonal.
if opt = RQ1 then
return )\ggl = (xf Az, ..., 2] Agzy), i=1,...,n.
else if opt = RQ2 then

return }‘gp = (yf A1z, ..., yfAgzg), i=1,...,n.

end if

@

The idea of using a random linear combination like (1) is not new. For example, in [1, 4] the unitary
matrix U from the Schur decomposition A(u) = U*RU is used to transform all matrices from A to
block upper triangular form. Using the Schur decomposition, however, requires clustering to group
multiple eigenvalues together, and this is a numerically subtle task. On the other hand, Algorithm
1 does not require clustering and in practice often leads to equally good or even better results for,
e.g., multiparameter eigenvalue problems [5] and multivariate root finding problems.

For a significantly simpler situation of commuting Hermitian matrices, where a unitary matrix
exists that jointly diagonalizes all matrices, randomized methods based on (1) have recently been
analyzed in [2], establishing favorable robustness and stability properties.
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An important source of joint eigenvalue problems are eigenvector-based methods for solving systems
of multivariate polynomial equations. If we are looking for roots of a set of polynomials

pi(xl,...,xd):(], i:1,...,m, (2)

such that the solution consists of finitely many points, then a common feature of these methods is
that they construct so called multiplication matrices My, , ..., M;, that commute and their joint
eigenvalues are the roots (z1,...,x4) of (2). Many techniques that use symbolic and/or numerical
computation, including Groébner basis, various resultants, and Macaulay matrices, are used to
construct the multiplication matrices, see, e.g., [6].

Another source are multiparameter eigenvalue problems. A d-parameter version has the form

Ajox; = MAjx; + -+ ANgAigxs, 1=1,...,d, (3)
where A;; is an n; x n; complex matrix and z; # 0 for ¢ = 1,...,d. When (3) is satisfied,
a d-tuple A = (Aq,...,\g) € C? is called an eigenvalue and z; ® --- ® x4 is a corresponding

eigenvector. Generically, a multiparameter eigenvalue problem (3) has N = nj ---ng eigenvalues.
The problem (3) is related to a system of d generalized eigenvalue problems

Aiz:)\iAoz, ’izl,...,d,

with z =21 ® - -+ ® x4 and the N x N matrices (that are called operator determinants)

A - A Ay o A A Ay o A
Ag=|: o, A= : : : S, i=1,...,d.
Aa -+ Add|g An - Agi-1 Awo Adivr o0 Addlg
If Ag is invertible, then the matrices I'; := AalAi fori=1,...,d commute. If NV is not too large,
then a standard approach to solve (3) is to explicitly compute the matrices I'1,...,I'; and then

solve the joint eigenvalue problem.
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Matrix equations from the x-algebra with quantum chemistry applications

Stefano Pozza, Christian Bonhomme, Lorenzo Lazzarino, Niel Van Buggenhout

Abstract

Consider the matrix-valued function A(t) € CNV*N analytic over the bounded interval Z = [a, b], the

vector v € CV, and let a(t) € CV*¥ be the solution of the non-autonomous ordinary differential
equation

—a(t) = At)a(t), a(a)=v, teT=]a,b). (1)
When A(t) commutes with itself at different times, Le., A(t1)A(ty) = A(ta)A(t1), the solution is
given through the matrix exponential as u(t) = exp( f; A(7)dT)v, t € [a,b]. However, in the general
case, there is no explicit formula for U(¢) in terms of usual matrix functions. In quantum chemistry,
spin dynamics are often modeled by Eq. (1) where the time-dependent matrix takes the form

A(t) = Afi() + - Arfi(t),

with Aj,..., Ag (constant) large and sparse matrices, fi(t), ..., fx(t) scalar analytic functions, and
k a small integer; see, e.g., [11]

In [16,17], we introduced a new spectral approach for this kind of ODEs, that gives the solution in
terms of the coefficients of the expansion u(t) = 372 u;p;(t), t € [—1, 1], with po(t), p1(2), p2(t), - ..
the orthonormal Legendre polynomials, and u; € CN. For a large enough integer m, it is possible to
approximate the coefficients o, . .., up, of the truncated expansion u(t) ~ Z;”:_Ol u;jp;(t) by solving
the matrix equation

X -BXAT — .. - . XAL = T, (2)

for a certain vector ¢, where the m x m matrices Fi, ..., F} represents the functions fi(t),..., fr(t)
in the so-called x-algebra [18]. We named the described strategy *-approach. The matrix equation
(2) enjoys many properties: (i) the matrices Fi,..., F} are banded; (ii) in the applications of
interest, the matrices Ay, ..., Ay have a Kronecker structure; (iii) the equation has a rank 1 right-
hand side. We can solve the matrix equation by iterative methods exploiting properties (i) and (ii)
to reduce the cost of matrix-vector multiplication. Moreover, the rank 1 right-hand side suggests
that the solution X might be numerically low-rank. Indeed, this is the case in all the applications
we treated (e.g., [16]). Hence, property (iii) allows for the use of low-rank approximation.

This novel numerical approach has proved highly competitive in the solution of ODEs related to
a specific model, the generalized Rosen-Zener model. In [2], with Christian Bonhomme (Sorbonne
University) and Niel Van Buggenhout (Universidad Carlos IIT), we introduced a new algorithm,
named x-method, that exploits properties (i)—(iii). Its computational cost scales linearly with the
model size (Fig 2, [2]) and is also highly competitive for increasing interval sizes (Fig 4, [2]). These
first results might open the way to more general efficient methods for spin simulations. However,
the spectral properties and structure of other, more complex, quantum problems can make the
solution of Eq. (2) challenging. For instance, we are working on the solution of an ODE system
that considers dipolar interactions in a Nuclear Magnetic Resonance application [12]. In this case,
the strategies used in [2] are not efficient enough. This is why we are currently testing randomized
approaches (joint work with Lorenzo Lazzarino, University of Oxford) and tensor methods, with
promising results.
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A closer look into the x-approach

The difficulties emerging in the numerical solution of Eq. (1) are linked with the lack of a general
analytic expression of 4(t). Analytic approaches are typically based on Floquet formalism [10,19],
Magnus series [1,13], or hybrids of these with ad-hoc approximate/numerical methods [3, 14, 20].
These analytic approaches rarely provide exact solutions in a finite number of steps, might suffer
from convergence issues [1], and be intractable [4]. There is a perception in the physics community
that no exact solutions are achievable [7]. This also influences the development of numerical solvers
since the most advanced numerical methods are typically built on analytical approaches [1,9,10].
As noted by M. Grifoni and P. Hanggi in [8]: “Solving the time-dependent Schrédinger equation
necessitates the development of novel analytic and computational schemes [...] in a nonperturbative
manner” — a remark still relevant today. The x-approach follows this suggestion as it is based on a
new nonperturbative expression for 4(t), obtained through the so-called x-product.

Let us define the set A(Z) of the bivariate distributions for which there exists a finite k so that
ft,s) = f-1(t,8)O(t — 5) + fo(t,s)3(t — s) + - + fy(t, s)6W (t — s),

where O(t — s) is the Heaviside function (O(t — s) = 1 for t > s, and 0 otherwise), and 0(t —
5),0'(t —s),0)(t — s),... are the Dirac delta and its derivatives. The %-product of f,g € A(T) is
the non-commutative product defined as

(f*9)(t.5) = /I f(t.7)g(r, 5)dr € AT):

see [18]. The *-product straightforwardly extends to a scalar-matrix *-product and to a matrix-
matrix (matrix-vector) x-product for matrices with compatible sizes composed of elements from
A(Z). We denote with AN*M(T) the space of the N x M matrices with elements from A(Z). Note
that I, = I6(t — s) is the identity matrix in AV*V(Z). As shown in [5], the solution 7(t) of the
Eq. (1) can then be expressed as

u(t) = u(t,a), wu(t,s)=0(t—s)xx(t,s), (3)
(1* Aot - s)) wz(t,s) = 0ot — 5), € [a,b], (4)

with z(t,s) € AN(Z). Therefore, solving a system of non-autonomous linear ODEs is equivalent
to solving a linear system in the x-algebra. Note that, for m = oo, the matrix equation (2) is the
matrix algebra counterpart of the %-linear system (4); see [15,16,17]. As a consequence, numerical
methods for the solution of Eq. (2) can be interpreted as algorithms in the x-algebra. Vice versa,
it is possible to devise new techniques (such as preconditioners) and numerical methods (e.g., the
*-Lanczos algorithm [6]) in the x-algebra and then map them in the usual algebra of matrices [15]
where they can be implemented.

In conclusion, the *-approach has proved extremely fast in certain quantum applications [2]. Its
success is based, on the one hand, on advanced linear algebra techniques and, on the other, on
applying x-algebra results in numerical linear algebra.
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Optimizing Rayleigh quotient with symmetric constraints and its
application to eigenvalue backward errors of polynomial and rational
eigenvalue problems

Anshul Prajapati, Punit Sharma

Abstract

Let H € C™™ be Hermitian and Sy, S1,...,S5; € C™" be symmetric matrices. We consider the
problem of maximizing the Rayleigh quotient of H with respect to certain constraints involving
symmetric matrices Sg, S1, ..., Sk. More precisely, we compute

*Huv

v
Mhsgsy...sp (H7 507 Sl; o 7Sk) = Ssup { v*0

s v eC™\ {0}, v Siv=0
fori:O,...,k}, (P)
where T and * denote respectively the transpose and the conjugate transpose of a matrix or a vector.

Such problems occur in stability analysis of uncertain systems and in the eigenvalue perturba-
tion theory of matrices and matrix polynomials [3, 4]. A particular case of problem (P) with only
one symmetric constraint (i.e., when k£ = 0) is used to characterize the p-value of the matrix under
skew-symmetric perturbations [4]. An explicit computable formula was obtained for mys,(H, So)
in [4, Theorem 6.3] and given by

: H tS
.50 = it 3 (5, 7))

where A2(A) stands for the second largest eigenvalue of a Hermitian matrix A. However, the solu-
tion to the problem (P) with more than one symmetric constraint was not known.

We derive an explicit computable formula for (P) in terms of minimizing the second largest eigen-
value of a parameter-depending Hermitian matrix under a simplicity assumption. The results are
then applied to derive computable formulas for the structured eigenvalue backward errors of rational
matrix functions (RMFs) of the following form

s1(2)

1
q1(2)

sk(2)
ar(z)

where the coefficients A,,p =0,1,...,dand Ej,j =1,2,...,k are n x n matrices, and s;(2), ¢;(z),
for 5 =1,2,...,k are scalar polynomials.

G(Z):A0+ZA1—|—"'ZdAd—|—

Ey+---+

Ex

Eigenvalue backward errors of matrix polynomials, both for unstructured and structure-preserving
perturbations, have been studied in the literature; see [9] for unstructured, [1] for Hermitian and
related structures, and [2] for palindromic and related structures. However, the literature on RMFs
is relatively limited, and the structured eigenvalue backward errors have not been explored before.

To explore this, we first aim to reformulate the problem of computing structured eigenvalue back-

ward errors for RMFs with symmetric, skew-symmetric, T-even, T-odd, and T-palindromic struc-
tures into the optimization problem (P). We then apply the results obtained for this optimization
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problem to derive computable formulas for the structured eigenvalue backward errors of RMFs. As
a specific case of RMFs, formulas for the structured eigenvalue backward errors of matrix polyno-
mials with the aforementioned structures can also be derived. Numerical experiments suggest that
our results [5] provide a more accurate estimation of the supremum in (P) compared to the one
in [7]. Some of these results are published in Linear Algebra and its Applications [5], while others
in BIT Numerical Mathematics [6].
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The Fundamental Subspaces of Ensemble Kalman Inversion

Elizabeth Qian, Christopher Beattie
Abstract

Ensemble Kalman Inversion (EKI) methods are a family of iterative methods for solving weighted
least-squares problems of the form

min(y — H(v)) =~ (y = H(v)) = min |y~ H)[% 1, (1)

where ¥ € R™*" is symmetric positive definite, and H : R — R"™. Such problems arise in many
settings, including in inverse problems in which v € R? represents an unknown parameter or state
of a system of interest which must be inferred from observed data y € R™. Inverse problems arise
in many disciplines across science, engineering, and medicine, including earth, atmospheric, and
ocean modeling, medical imaging, robotics and autonomy, and more. In large-scale scientific and
engineering applications, solving ([lf) using standard gradient-based optimization methods can be
prohibitively expensive due to the high cost of evaluating derivatives or adjoints of the forward
operator H. In contrast, EKI methods can be implemented in an adjoint-/derivative-free way.
This makes EKI an attractive alternative to gradient-based methods for solving ([ll) in large-scale
inverse problems.

We introduce a basic version of EKI from [4] in Algorithm m, noting that other EKI methods can
be viewed as variations on this theme. In Algorithm [I|, we use E and cov to denote the empirical
(sample) mean and covariance operators, respectively: given J € N samples {al )}3’:1 and {bU )}37:1,

we define E[a(/)] = %Z}‘le (), and

J
cov[a)) p)] = % Z(a(j) — E[am ) () — EpEIN T,
j=1

and cov[a®)] = cov[a®) a(*))].  Algorithm m prescribes the evolution of an ensemble of J
particles, {vgl), e V,L(J)}, initialized at ¢ = 0 in some way, e.g., by drawing from a suitable prior
distribution, and subsequently updated for i = 1, 2, 3, etc. We emphasize that Algorithm m does not
require the evaluation of adjoints or derivatives of H. Those familiar with ensemble Kalman filtering
methods will recognize familiar elements in Algorithm [ll. Indeed, one way to obtain Algorithm [l is
to apply the ensemble Kalman filter to a system whose dynamics are given by the identity map in
the “forecast” step of the filter. The connection to the ensemble Kalman filter also motivates the
perturbation of the observations by random noise in Step 7; these perturbations ensure unbiased
estimates of the filtering statistics in the linear Gaussian setting.

There is a very rich literature developing both EKI methods and accompanying theory (see [3]
for an extensive survey). Variants of the basic method include the incorporation of a Tikhonov
regularization term into the least-squares objective function, the enforcement of constraints in
the optimization, or hierarchical, multilevel, and parallel versions of the algorithm. Beyond the
successful use of EKI for solving diverse inverse problems in the physical sciences, e.g., in geophysical
and biological contexts, EKI has also been used as an optimizer for training machine learning
models. In particular, the use of EKI for training neural networks has motivated the development of
EKI variants based on ideas used for gradient-based training of neural networks, including dropout,
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Algorithm 1 Basic Ensemble Kalman Inversion (EKI)

0: Input: forward operator H : R¢ — R”, initial ensemble {v(()l), . ,v(()‘])} C R9, observations
y € R", observation error covariance % € R"*™

1: fort=0,1,2,..., do

2:  Compute observation-space ensemble: hl(»j ) = H(Vz(j )), 7=12,...,J

3:  Compute empirical covariances: cov[vl(l:J), hZ(l:J)] and cov[hZ(l:J)]

4:  Compute Kalman gain: K; = cov[vfglz‘]), hz(lzj)] : (cov[hgl:‘])] + E)_l

5. Sample agj) i.id. from N (0,X) for j =1,2,...,J.

6:  Perturb observations: set yl(.j) =y+ sgj) forj=1,2,...,J.

7. Compute particle update: ngl = vgj) + Ki(ygj) — Hvl(j)) for j=1,2,...,J.
8 if converged then

9: return current ensemble mean, E[vz(i_i] )]

This is Stochastic EKI. For Deterministic EKI, skip 5-6 and assign y(j) =y inT.

4

data subsampling (also called ‘(mini-)batching’), adaptive step sizes, and convergence acceleration
with Nesterov momentum.

Theoretical analyses of EKI convergence behavior have mostly considered linear observation oper-
ators H € R™*¢, for which the standard norm-minimizing solution of (E]) is given by

vi=H'S'H)H =y =H'y, (2)

where “1” denotes the usual Moore-Penrose pseudoinverse and we have introduced the weighted
pseudoinverse, Ht = (HT = 'H)"HTX~!. Previous analyses of linear EKI have largely considered
mean-field limits (equivalent to an infinitely large ensemble) [3] or continuous-time limits of the
EKI iteration, in which the deterministic iteration becomes a system of coupled ordinary differential
equations (ODEs) [2, 6] and the stochastic iteration becomes a system of coupled stochastic dif-
ferential equations (SDEs) [[l]. These continuous-time analyses have shown that the EKI ensemble
covariance collapses at a rate inversely proportional to time [6, I, 2], meaning that the residual of
the EKI iteration (with respect to the final solution) converges at a 1/+/i rate. These analyses have
also characterized EKI solutions either by assuming H is one-to-one or by assuming the ensemble
covariance is full rank. In particular, the works [6] show that if H is one-to-one, then EKI converges
to the pre-image of the data restricted to the span of the ensemble [, [l]. On the other hand, the
work [2] shows that if the ensemble covariance is full rank (and H may be low-rank), then EKI
converges to the (non-standard) minimizer of (m) closest to the initial ensemble mean in the norm
induced by the initial ensemble covariance. The characterization of EKI solutions in the general
case where both H and the ensemble covariance may be low-rank, and the relationship between EKI
solutions and the standard minimum-norm least-squares solution (p]), are open questions addressed
in this work.

In this work, we provide a new analysis of EKI for linear observation operators H € R"*¢ which
directly considers the discrete iteration for a finite ensemble, relying principally on linear algebra as
an analysis tool. Our analysis yields new results relating EKI solutions to the standard minimum-
norm least-squares solution (B)), together with a new and natural interpretation of EKI convergence
behavior in terms of ‘fundamental subspaces of EKI’, analogous to the four fundamental subspaces
characterizing Strang’s ‘fundamental theorem of linear algebra’ [[7], which we now review.

Strang’s four ‘fundamental subspaces of linear algebra’ arise from dividing observation space R"
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and state space R? into two subspaces each, one subspace associated with ‘observable’ directions
and a complementary subspace associated with ‘unobservable’ directions [[7]. That is, in observation
space R™, the two fundamental subspaces are:

1. Ran(H) (denoting the range of H), and

2. Ker(H"X71) (denoting the null space of H £71), the ¥~ !-orthogonal complement to Ran(H).
In state space R?, the two fundamental subspaces are:

1. Ran(HT), and

2. Ker(H), the orthogonal complement to Ran(H ") with respect to the Euclidean norm.

The standard minimum-norm solution (E) to the linear least-squares problem (E]) can be understood
in terms of these fundamental subspaces as follows (see [5, Figure 1]): in observation space R", the
closest that Hv can come to y € R” with respect to the ¥~ !-norm is the 3~ !-orthogonal projection
of y onto the observable space Ran(H), which then has a zero component in the (unobservable)
subspace Ker(HT X71). In state space R?, directions in Ker(H) are unobservable because they are
mapped by H to zero and thus do not influence the minimand of @) If Ker(H) is non-trivial,
multiple minimizers of ([lf) exist. The unique norm-minimizing solution (P) lies in the observable
space Ran(H") and has a zero component in the unobservable space Ker(H).

Our analysis reveals that EKI solutions to the weighted least squares problem admit a similar in-
terpretation in terms of fundamental subspaces of EKI. However, the EKI fundamental subspaces
arise first from dividing the state and observation spaces into directions that are ‘populated’ by
particles, lying in the range of ensemble covariance I'; (it is well-known [1, 2, 4, 6] that Ran(T';)
is invariant for all 7), and ‘unpopulated’ directions lying in a complementary subspace. The pop-
ulated subspace can then be further divided into two subspaces associated with observable and
unobservable directions. There are therefore three subspaces in each of the observation and state
spaces. In observation space R™, the three fundamental subspaces of EKI are associated with three
complementary oblique projection operators, P, @, N € R™*". These projections are defined via a
spectral analysis of the iteration map which governs the evolution of the data misfit, HVEJ ) Y, SO
that the range of each projector is an invariant subspace under the misfit iteration map. The three
fundamental subspaces of observation space R™ are then

= Ran(HT;), associated with observable populated directions,
= HKer(I';H" X 7'H), associated with observable but unpopulated directions, and
3. Ran(W) = Ker(H" X71), associated with unobservable directions.

In state space R, the three fundamental subspaces of EKI are also associated with three comple-
mentary oblique projection operators, P, Q, N € R™*™. These projections are defined via a spectral
analysis of the iteration map which governs the evolution of the least squares residual, VZ(J —_—
The range of each projector is again an invariant subspace under the residual iteration map. The

three fundamental subspaces of state space R% are then

1. Ran(P) C Ran(T;), associated with observable populated directions (but generally not simply
the intersection of Ran(T';) with Ran(H")),

2. Ran(Q) C Ran(H"), associated with observable unpopulated directions, and
3. Ran(N), associated with unobservable directions.

The fundamental subspaces of EKI are depicted in [5, Figure 2], and an interactive three-dimensional
visualization is available at https://elizqian.github.io/eki-fundamental-subspaces/.
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We show that EKI misfits [residuals] converge to zero at a 1/+/i rate in the fundamental subspace
associated with observable and populated directions, Ran(P) [Ran(P)], and remain constant in the
fundamental subspaces associated with observable unpopulated directions, Ran(Q) [Ran(Q)]. The
misfits [residuals] also remain constant in the unobservable directions, Ran(A) [Ran(N)]. Numerical
experiments illustrating these results may be found in [5, Figure 3]. Our results verify for the
discrete iteration and finite ensemble case the 1/+/i convergence rate previously shown in continuous
time or infinite ensemble limits, and provide the first results describing the relationship between
EKI solutions and the standard minimum-norm least squares solution (E)

Our analysis sheds light on several directions of interest for future work connecting EKI with
classical iterative methods. Because we have shown that the convergence behavior of deterministic
EKI can be characterized in terms of an evolving spectral problem that has invariant subspaces
that are independent of iteration index, this allows for straightforward EKI acceleration strategies
analogous to overrelaxation schemes in classical stationary iterative methods. Other potential
directions of interest could exploit the well-known connection between the extended Kalman filter
and Gauss-Newton methods to establish further connections between EKI and classical methods.
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On efficiency and adaptivity of sketch-and-project approach
in randomized linear solvers

Elizaveta Rebrova

Based on the joint works with Michal Derezinski, Deanna Needell, Daniel LeJeune, Jackie Lok.

Abstract

The sketch-and-project is a unifying framework for many known randomized iterative methods
for solving linear systems, such as randomized Kaczmarz and coordinate descent algorithms, their
block variants, as well as the extensions to non-linear optimization problems. Given a linear system
Ax = b, the general scheme iterates to find its solution in the following way: for ¢ = 0,1,... a
random sketching matrix S = S(¢) is sampled from a distribution of (random) matrices and the
update rule is given by

Tiy1 = arg ;2}32 |z; — x||%  such that SAz = Sb. (1)

This optimization problem can be solved directly and is equivalent to an iterative step
zi1 =ar— BLATST(SAB™YATST)S(Axy — b).
The performance of these methods is often measured via the expected convergence rate:
Ellae —auly < (1= p)' - o — 2.l Vao,t

where p > Amin(E[(SA)TSA]) and A = AB~'/2. Some of well-known special cases, such as Ran-
domized Kaczmarz method (when the sketching matrix S samples individual rows of A and B = I),
have been mainly used as simple linear solvers that can demonstrate computational efficiency in
the cases of vastly overdetermined linear systems, essentially, when the equations arrive in the
streaming way. However, this perspective is far from complete. In the talk, I will discuss several
recent results demonstrating other conceptual advantages of the sketch-and-project based linear
solvers.

1. Fast linear solvers for the systems with low-rank structure.

It is expected that the sketching matrices S € R¥*™ with larger sketch size k improve per-iteration

convergence of the solver but clearly they become more computationally expensive within every
step. In [DR24], we have quantified the advantage of increasing the sketch size and connected it to
the tail condition number of the system, that is, singular values of A excluding the top k of them.

Based on this improved convergence rate analysis, one can build a practical linear solver with
several very natural enhancements of the generic computation scheme, that is, (a) particular not
too small sketch size and very sparse sketching, or block sampling on the system preconditioned
by the Randomized Hadamard Transform (b) inexact solve in place of the pseudoinverse inversion,
and (c) adding the momentum. Such solver can compute & such that ||AZ — b|| < €||b]| in time:

O(;ﬁ -n?log1/e |, where ¢ = C/n for some C > 0, where g1 > 09 > ... > 0, > 0 are singular

values of the matrix A. This directly improves the standard time complexity for linear solvers, such
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as O(n -n?), due to its independence from the full condition number (and the top of the spectrum
in particular) on the linear systems with relatively flat tails of the spectrum. Such linear systems
appear in a variety of standard applications such as spiked covariance models and kernel machines,
or when the linear system is explicitly regularized, such as ridge regression.

Another consequence of these results, obtained in [DLNR24|, is that the sketch-and-project ap-
proach can be also viewed as implicit preconditioning by the iterative sparse sketching (or sampling)
procedure.

2. Subspace constrained iterative methods for linear solvers with prior informa-
tion

The adaptive nature of the sketch-and-project iteration can be also used to guide the iterations
when additional information is available about the system. In [LR24], we propose a version of
the randomized Kaczmarz algorithm for solving systems of linear equations where the iterates are
confined to the solution space of a selected subsystem. We show that the subspace constraint
leads to an accelerated convergence rate, especially when the system has approximately low-rank
structure that can be estimated before solving the system. Another natural place for a subspace
constraint appears if only a part of a linear system changes with time or one is solving a sequence
of otherwise connected linear systems. On Gaussian-like random data, we show that the proposed
Subspace Constrained Randomized Kaczmarz method results in a form of dimension reduction that
effectively increases the aspect ratio of the system.

3. Robust linear solvers for the systems with sparse corruptions

Finally, the adaptivity of the considered iterative framework gives another prominent application
to solving linear systems contaminated with sparse corruptions. This setting models applications
where some measurements are corrupted by arbitrarily large errors, which may occur during the
data collection, transmission, and storage process due to malfunctioning sensors or faulty compo-
nents. For sufficiently tall and regular systems A € R™*"™ m > O(n), the iterates of a simple
data-aware method based on the Randomized Kaczmarz algorithm converge to x, avoiding a sig-
nificant portion of arbitrary corruptions [HNRS22]. Moreover, the subspace constraining approach
discussed above allows to efficiently utilize external knowledge about corruption-free equations and
achieve convergence in difficult settings, such as not very overdetermined ((1 + a)n x n) linear
systems [LR24].
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Analysis of Stochastic Probing Methods for Estimating the Trace of
Functions of Sparse Symmetric Matrices

Andreas Frommer, Michele Rinelli, Marcel Schweitzer

Abstract

Estimating the trace of an implicitly given matrix B € R™*",

n

tr(B) =) _[Blii, (1)

=1

is an important task in many areas of applied mathematics and computer science. In many of these
applications, we have B = f(A), where A € R"*" is a large and sparse (or structured) matrix. A
common practice is to approximate ([lf) with an estimator of the form

N
tr(B) ~ vakTka, (2)
k=1
for suitably crafted vectors vq,...,vy. With this approach, approximating (m) relies on matrix-

vector products or quadratic forms with B, which are, e.g., performed by applying a polyomial (or
rational) Krylov subspace method or a Chebyshev expansion for approximating f(A)wv or v'f(A)v,
avoiding the often prohibitive tasks of forming B or computing the eigenvalues of A.

Prominent examples are stochastic estimators, including Hutchinson’s method [5], based on choosing
random vectors in (P]), and recent variants based on low-rank approximations, Hutch++ [6] and
XTrace [2], which work especially well if a fast decay is present in the singular values of B.

When B = f(A) with sparse, symmetric A, a popular other class of methods are based on probing [4,
7]. This approach requires the computation of a distance-d coloring of the graph G(A) associated
with A, which is a feasible task only under suitable assumptions; see [4]. The probing estimator is
obtained by using probing vectors in (R), i.e., vectors associated with each color whose entries are
0 or 1 depending on the coloring pattern. In [4], the authors show that the error of the probing
approximation is bounded by n - 4, where 1, decays with a rate that depends on how regular f is
over the spectrum of A. The numerical experiments in [4] prove that O(n) bounds are the best we
can achieve with this method.

We consider a stochastic probing approach, given by the combination of probing techniques with
stochastic estimators. The nonzero entries of the stochastic probing vectors are the same as the de-
terministic counterparts, but filled with 1 with a uniform distribution (Rademacher entries). This
allows to average more than one vector per color, with an improvement on the convergence related
to Hutchinson’s estimator. Although this combination is algorithmically quite straightforward and
has already been used before by practitioners [[], a detailed analysis was lacking.

In [B], we show for which matrix functions f and matrices A the standard deviation of the stochastic
probing estimator can be bounded by quantities of the form +/n - 74, where n; has the same
asymptotic behavior as the deterministic case. This significantly improves on the linear scaling
with the size of the error in the deterministic case, even if just one stochastic vector is associated
to any color. As a by-product of our analysis, we refined classical results on sign patterns in the
entries of f(A).
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Our theoretical findings are illustrated and confirmed by a variety of numerical experiments, where
we observed the scaling of the error with the size and compared the performance with other known
estimators, indicating when stochastic probing can be the method of choice.
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Preconditioned Low-Rank Riemannian Optimization for Symmetric Positive
Definite Linear Matrix Equations

Ivan Bioli, Daniel Kressner, Leonardo Robol

Abstract

The topic of this work is the solution of multiterm linear matrix equations of the form
L(X):=AXB1+...+ A\XB;=F,

under the assumption that the linear operator £ is positive definite. These equations often appear
when discretizing elliptic PDEs, and in control problems. In this setting, it is often the case that
F' is either a low-rank matrix, or can be well-approximated in this way, i.e., it has fast decaying
singular values. Throughout this work, we assume that F' is a low-rank matrix.

A few special cases are easy to handle, and we can prove that the low-rank structure of F' is
inherited by X. If £ = 1, X and F have the same rank; if £ = 2 we have an elegant theory based
on rational approximation that provides upper bounds for the singular values of X with a weak
dependency on the condition number of the operator £ [2].

When ¢ > 2, most theoretical guarantees are lost: except for a few special cases, none of the
arguments used for £ = 2 can be extended easily. Nevertheless, it can be experimentally verified
that the structure is often present in X; sometimes, this can be justified via other means (such as
the regularity of the solution of the discretized PDE).

Algorithmically, we face similar challenges: the cases £ = 1 and ¢ = 2 are well understood, and
efficient low-rank solvers are available (examples include rational and extended Krylov methods, or
the Alternative Direction Implicit method, known as ADI). When ¢ > 2, fewer and less appealing
options are available, mainly based on Krylov solvers for £ with low-rank truncation [5]. A major
issue with this class of methods is that the intermediate iterates often have much higher ranks than
the final solution, and aggressive truncations lead to degraded convergence properties.

We focus on the case ¢ > 2, assuming that X is the discretization of the solution to an elliptic
PDE. Assuming that X is well-approximated by a matrix of rank k, the problem can be recast into
the optimization problem

Find min®(X),  subject to rank(X) =k, ®(X) := %(E(X),X> _(F,X),

for some moderate k, where (-, ) is the standard scalar product inducing the Frobenius norm. The
matrices of rank k have a Riemannian manifold structure, and thus the problem can be conveniently
solved using Riemannian optimization [1, 4]. This idea has been successfully exploited in the past
to solve positive definite Lyapunov equations, which correspond to ¢ = 2 [6]. This strategy restricts
our search to matrices of rank k, and avoids the rank-growth phenomenon often observed in Krylov
methods. The convergence theory for Riemannian optimization schemes can be used to prove
convergence.

However, a straightforward application of a vanilla Riemannian optimization method presents a
major issue: when L arises from an elliptic PDE, it is often ill-conditioned, and so is the Hessian of
the objective function ®(X). This leads to poor convergence for first-order optimization schemes.

We discuss how the idea of preconditioning can be extended to this setting, and show that one can
design effective modifications to the problem that drastically improve the convergence. The key
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ingredient is finding a map Px on the tangent space at X which is positive definite and approximates
the Hessian in a suitable sense. Then, the preconditioning can be described in two similar ways,
which are only approximately equivalent:

1. We may take gradients with respect to the inner product induced by Px, instead of the
canonical one; this turns the first-order method to be closer to a quasi-Newton scheme.

2. Alternatively, we may use Px to define a non-standard metric and inner product on the
Riemannian manifold, and then apply the first-order scheme in this new setup.

We discuss differences, advantages, and disadvantages of these strategies; we show that is possible
to employ both at the same time at once to design preconditioners for a large class of PDE problems
discretize with finite element methods.

In the examples that we consider, the multiterm matrix equation is often obtained by non-constant
diffusion coefficients in 2D diffusion problems; in this setting it is natural to choose Px as the
projection of the operator obtained discretizing the same equation, but with constant diffusion
coefficients; this typically is an operator of the same form, but with ¢ = 2. Hence, we consider
preconditioners of the form Px = AXB, Px = AX + XB, and Px = AXB + CXD. Applying
these preconditioners in any of the sense described above require to solve an equation on the tangent
space, which is low-dimensional. This is relatively easy to do in the first two cases, but it proves
challenging in the latter, when A, B,C, D # I. We show how to this effectively by combining the
two viewpoints discussed above, and interpreting this preconditioner as a composition of the first
two options.

The proposed algorithm is competitive or faster than the state-of-the art in most cases, and in
particular when the target rank k is moderate. When k£ is larger, solving the equations on the
tangent space can become a bottleneck. For these cases, we propose yet another preconditioner,
obtained generalizing the ADI iteration to an iteration on the tangent space of the manifold; our
experiment show that it preserves the good convergence properties of the classical ADI scheme
for matrix equations, while being much cheaper to compute than the previous approaches. A few
steps of this “tangent ADI” iteration will prove to be a very good preconditioner for a large class
of problems.

Time permitting, a few extra details essential to produce a robust implementation will be discussed,
such as rank-adaptivity, and the use of randomized linear algebra to effectively estimate the residual;
the latter helps in detectubg possible stagnation due to wrong estimates for the solution rank, and
is essential for deciding when to perform rank changes inside the rank-adaptive scheme.
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Algorithm NCL for constrained optimization:

Solving the linear systems within interior methods

Michael Saunders, Ding Ma, Alexis Montoison, Dominique Orban

1 Constrained optimization

Abstract

We consider large smooth constrained optimization problems of the form

NC

min
zER™

subject to ¢(z) =0, ¢ <z < u,

¢(z)

where ¢(x) is a smooth scalar function and c(x) € R™ is a vector of smooth linear or nonlinear
functions. We assume that first and second derivatives are available. If the constraints include any
linear or nonlinear inequalities, we assume that slack variables have already been included as part
of x, and appropriate bounds are included in ¢ and u. Problem NC is general in this sense.

2 LANCELOT

LANCELOT [1, 2, 6] is designed to solve large, smooth constrained optimization problems. For
problem NC, LANCELOT solves a sequence of about 10 BCL (Bound-Constrained augmented La-
grangian) subproblems of the form

BCy

min o) — yle() + bpre(e) o(a)

zeR™

subject to £ < x < u,

where yj, is an estimate of the dual variables for the nonlinear constraints c(x) = 0, and p > 0 is
a penalty parameter. After BCy is solved (perhaps approximately) to give a subproblem solution
x}, the size of ||c(x})|| is used to define BCyq:

o If ||c(x})] is sufficiently small, stop with “Optimal solution found”.

o If ||lc(x})]| < [le(zf_y)|l sufficiently, update yr1 = yr — prc(zy) and keep prpi1 = pi.

o Otherwise, keep yr+1 = yr and increase the penalty (say pr+1 = 10pg).

o If the penalty is too large (say pry1 > 10'9), stop with “The problem is infeasible”.

3 Algorithm NCL

Algorithm NCL [7] mimics LANCELOT with only one change: subproblem BCy, is replaced by the

equivalent larger subproblem

NC},

min
zER™, reRm

subject to ¢(x) +r =0,

$(@) +yir + zpur'r

<z <u.
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Given a subproblem solution (x},7}), the choice between updating y;, or increasing pj, is based on
|l7%]|. We expect ||r;|| = 0, so that x} is increasingly close to solving NC.

The active-set solvers CONOPT [3], MINOS [8], and SNOPT [13] are nominally applicable to NCj,.
Their reduced-gradient algorithms would naturally choose 7 as basic variables, and the x variables
would be either superbasic (free to move) or nonbasic (fixed at one of the bounds). However, this
is inefficient on large problems unless most bounds are active at the subproblem solution z7.

In contrast, interior methods welcome the extra variables r in NCy, as explained in [7]:

o The Jacobian of ¢(z) + r always has full row rank. NCL can therefore solve problems whose
solution does not satisfy LICQ (the linear independence constraint qualification). It is also
applicable to MPEC problems (Mathematical programming problems with equilibrium con-
straints).

e The sparse-matrix methods used for each iteration of an interior method are affected very
little by the increased matrix size.

4 The linear system in nonlinear interior methods

For simplicity, we assume that the bounds ¢ < z < u are simply x > 0. Let y and z be dual
variables associated with the constraints c¢(z) = 0 and x > 0 respectively, and let X = diag(x),
Z = diag(z). When a nonlinear primal-dual interior method such as IPOPT [4] or KNITRO [5] is
applied to NCy, each search direction is obtained from a linear system of the form

—(H+ X712) JT\ [Az T
ol 1 Ar | =|rs3]|. (K3)
J I Ay 1

Although this system large, the additional variables dr do not damage the sparsity of the matrix.
IPOPT and KNITRO have performed well on problem NCjy as it stands, solving systems (K3).

5 Reducing the size of (K3)

For all NCyg, pr, > 1 (and ultimately p, > 1), and it is stable to eliminate Ar from (K3) to obtain

—~(H+X12) JT) <A£L‘> < r2 ) 1
= rs | s Ar = —(Ay —13). K2

If the original problem is convex, H + X 17 is symmetric positive definite (SPD) and it is possible
to eliminate Ay:

(H+X'Z + ppJTT) Az = —ro + T (13 + prr1), Ay =rs+ pp(r1 — JAz). (K1)

These reductions would require recoding of IPOPT and KNITRO (which is not likely to happen),
but they are practical within the nonlinear interior solver MadNLP [11].
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6

MadNLP, MadNCL, and GPUs

Algorithm NCL has been implemented as MadNCL [10], using MadNLP [11] as the solver for
subproblems NCj. MadNLP has the option of solving (K2) or (K1) rather than (K3).

For convex problems, system (K2) is symmetric quasidefinite (SQD) [14] and it is practical to use
sparse indefinite LDLT factorization. MadNLP implements this option using the cuDSS library
[12, 9] to utilize GPUs. Alternatively (and again for convex problems), (K1) is SPD and MadNLP
can use the cuDSS sparse Cholesky LDLT factorization (unless J7.J is dense).

Thus, for certain large optimization problems, MadNCL is a solver that employs GPUs and in
general is much faster than IPOPT or KNITRO. Numerical results are presented for solving security
constrained optimal power flow (SCOPF) problems on GPUs.
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Symmetric Pseudospectral Shattering and Fast Divide-and-Conquer for the
Definite Generalized Eigenvalue Problem

James Demmel, lToana Dumitriu, and Ryan Schneider

Abstract

Overview: We adapt the asymptotically fastest-known algorithm for diagonalizing arbitrary ma-
trix pencils — as well as the related phenomenon of pseudospectral shattering — to the definite
generalized eigenvalue problem. Put simply, we obtain significant efficiency gains by preserving
and exploiting structure, in this case symmetry. In doing so, our work provides a general road map
for tailoring fast diagonalization to structured problems.

Recent work in randomized numerical linear algebra produced the first sub-O(n?) algorithms for
diagonalizing any matrix A or matrix pencil (A4, B) [3, 5]. The key insight of this work is the
phenomenon of pseudospectral shattering, where a random perturbation to a matrix, or pencil, has
a regularizing effect on its (pseudo)spectrum. A result of smoothed analysis [11], shattering is char-
acterized by a minimum eigenvalue gap and minimally well-conditioned eigenvectors. Moreover,
it implies success for fast divide-and-conquer eigensolvers, which can diagonalize a perturbed ma-
trix/pencil with essentially optimal complexity (that is, complexity equal to matrix multiplication
up to log factors). The name “pseudospectral shattering” is derived from the fact that a ran-
dom grid covering the e-pseudospectra of the perturbed problem separates its disjoint components,
and the eigenvalues they contain, into separate grid boxes for e sufficiently small — i.e., inverse
polynomial in n.

Pseudospectral shattering suggests a simple, high-level approach to eigenvalue problems: apply a
random perturbation and run a fast version of divide-and-conquer, where the shattering grid can
be used to reliably divide the spectrum at each step. The result is an accurate diagonalization, in
the backward-error sense, provided the initial perturbation is small. Prior to [3], which introduced
pseudospectral shattering in the context of the standard eigenvalue problem, no way of leveraging
divide-and-conquer’s natural parallelization to obtain fast diagonalizations of arbitrary matrices (or
pencils) was known. Importantly, [5] established that this approach can be implemented without
relying on matrix inversion, thereby promoting stability while also minimizing associated commu-
nication costs (following Ballard et al. [2]).

These randomized eigensolvers, which we refer to collectively as pseudospectral divide-and-conquer,
are fully general. In particular, both [3] and [5] allow matrices to be arbitrary and apply Ginibre
perturbations to obtain a guarantee of pseudospectral shattering. This begs the question: how can
we adapt these algorithms to better handle symmetric or sparse inputs, for which dense Gaussian
perturbations are structure-destroying? Going further: if we can achieve pseudospectral shattering
while maintaining structure — i.e., via structured perturbations — how can we translate that into
efficiency gains in divide-and-conquer?

We answer these question for the definite generalized eigenvalue problem, which corresponds to
pencils (4, B) in which A and B are Hermitian and the Crawford number (A, B) satisfies

v(A,B) = min |2(A+iB)z| > 0. (1)

llzll2=1

Pencils arising in scientific computing and machine learning are often definite [7, 6]. We note
two important sub-problems in particular: (1) the Hermitian eigenvalue problem, corresponding
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to B = I, and (2) the generalized symmetric definite eigenvalue problem, in which B is positive
definite.

As inputs to divide-and-conquer, definite pencils exhibit a number of properties that can be lever-
aged for improved efficiency. Most notably, the eigenvalues of a definite pencil (A, B) are real
(and in fact any e-pseudospectrum that considers only Hermitian perturbations to A and B will be
constrained to the real axis for e sufficiently small). Additionally, definite pencils are regular and
satisfy stronger eigenvalue/eigenvector perturbation bounds than the generic case (see e.g., [12]).
Finally, where an arbitrary pencil (A, B) is diagonalized by a pair of eigenvector matrices — if it is
diagonalizable at all — a definite pencil can always be diagonalized by a single matrix. That is, for
any definite pencil (A, B) there exists invertible X such that

(XTAX, XEBX) = (Ag,AB) (2)

for A4 and Ap diagonal.

Motivated by these observations, we devise a version of pseudospectral divide-and-conquer that
pursues efficiency by maintaining definiteness through both the initial random perturbation and
the subsequent recursive procedure. The main ingredients are the following:

1. We prove shattering for a symmetric pseudospectrum

(A+ E)u=z(B+ F)u for u#0 and } 3)

sym _ .
A4, B) {Z' E, F Hermitian with «/[JE[E+ [[F]E < ¢

under random perturbations that are either diagonal or sampled from the Gaussian Unitary
Ensemble (GUE). The diagonal case builds on work of Minami [8] and implies a remark-
ably simple path to structured shattering for (Hermitian) banded matrices. The GUE case,
meanwhile, leverages recent results of Aizenman et al. [1]. In both settings, the key insight
is a bound on the probability that a perturbed Hermitian matrix has a certain number of
eigenvalues in a given interval of the real axis.

2. Next, we demonstrate that (inverse-free) iterative methods for computing spectral projectors
of (A, B) — i.e., projectors onto deflating subspaces corresponding to sets of eigenvalues,
which are the key to the recursive splits of divide-and-conquer — can be optimized for fast
convergence on problems with real eigenvalues [4]. This is the primary advantage we gain
access to by preserving definiteness (and itself generalizes work of Nakatsukasa et al. [10]).

Combining points one and two yields a specialized version of pseudospectral divide-and-conquer that
is significantly more efficient on definite inputs. Ongoing work seeks high performance implemen-
tations of both standard pseudospectral divide-and-conquer and this specialization. Accordingly,
and in parallel with broader efforts to deploy randomized algorithms in numerical linear algebra
[9], our work represents an important step towards bringing fast, randomized diagonalization to
practice.
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Sparse Pseudospectral Shattering

Rikhav Shah, Edward Zeng, Nikhil Srivastava

Abstract

A central question in numerical analysis is the following: how do the eigenvalues and eigenvectors
of a matrix behave under perturbations of its entries? For Hermitian matrices, the eigenvalues
are 1—Lipschitz functions of the entries, and the eigenvectors are stable under perturbations if
the minimum eigenvalue gap is large. This fact is essential to the rapid convergence and rigorous
analysis of algorithms for the Hermitian eigenvalue problem and its cousins.

For non-Hermitian matrices, two related difficulties appear: non-orthogonality of the eigenvectors
and spectral instability, i.e. high sensitivity of the eigenvalues to perturbations of the matrix en-
tries. Non-orthogonality slows down the convergence of iterative algorithms (such as the power
method) and spectral instability makes it difficult to rigorously reason about convergence in the
presence of roundoff error. The main tool used to surmount these difficulties in recent years is
smoothed analysis, i.e., adding a small random perturbation to the input and solving the per-
turbed problem, incurring a small backward error. Specifically it was shown in [BGVKS23] that
adding small i.i.d. complex Gaussian random variables to each entry of a matrix produces a matrix
with well-conditioned eigenvectors and a large eigenvalue gap, a phenomenon termed “pseudospec-
tral shattering”. This was then generalized to other random variables in [BVKS2(, JSS20], and
is currently an essential mechanism in all of the known convergence results about diagonalizing
arbitrary dense matrices. Crucially, however, all current work examines the setting where i.i.d.
noise is added to every single entry of a given matrix.

This paper asks if it possible to achieve pseudospectral shattering by adding noise to
only a subset of entries, selected at random. We provide a positive answer.

In fact, we show only O(nlog?(n)) entries need to be perturbed to achieve sufficient regularization
for many downstream algorithmic tasks. Our results are phrased in terms of the sparsity p = p(n) of
the added noise. In our model, each entry of a given matrix M is perturbed by a complex Gaussian
g with probability p, and left unchanged otherwise. As one might expect, our guarantee provides
stronger regularization the larger p is. We measure regularization in terms of the eigenvector
condition number ky(A) and minimum eigenvalue gap n(A). In the following definitions of these
quantites, A = VDV~ is any diagonalization of A and A1(A),..., \,(A) are the eigenvalues of A.

pv(4)= b VEHIVIE andn(A) = minjdi(4) = A (A)]

Given a matrix M, the perturbation described above has the form M + N,, where the entries of IV,
are i.i.d. copies of ¢ - g where ¢ ~ Bernoulli(p) and g ~ N(0,1¢). Our main theorem is as follows.

Theorem 1. Set K = 2log(n)/log(np). For any M € C"™", if np = Q(log(n) log(||M|| +n)) then

Pr(s (M + Ny) > (|M] +n?p)'° ) < O(nF), &
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and

Pr(n(M + N,) < (|| M| 4+ n?p)~ %) < O(n™K). (2)

The proof of this theorem consists of three steps. In the first two steps, A can be any random
matrix. In the third step, we need our particular model of sparse perturbations, A = M + N,.

1. Bootstrapping: An important object related to spectral stability is the e-pseudospectrum of
A, defined as
A(A)={z€C:0,(z—A) <&}

It always contains disks of radius € around each eigenvalue; equality is achieved if and only if A
is a normal matrix, i.e. Ky (A) = 1. For less well conditioned matrices, the e-pseudospectrum will
be larger. A quantifiable version of this statement relates the area of the pseudospectrum to both
kv (+) and n(-). The bootstrapping argument of [JSS20] turns this observation into a probabilistic
tail bound: a strong upper bound on EvolA.(A) and a lower tail bound on 7n(A) establishes an
upper tail bound on sy (A). We adapt their argument and improve it by dramatically lessening
the control on Evol A.(A) required for the argument to go through. The ideal control would be of

the form
Evol Ac(A) < poly(n) - 2.

The bootstrapping argument of [JSS20] shows that it suffices to have £2log(1/¢) in place of £2. We
show it suffices to have ¢ + exp(—n) for any constant ¢ > 0 in place of &2.

2. Reduction to bottom two singular values: This step relies on known arguments which
were also used in [BKMS21, BGVKS23]. The previous step shows we need control over Evol A.(A)
and 7(A). As may be clear from the definition, Evol A;(A) is immediately convertible to lower tail
estimates for the least singular value o, (z — A) for z € C. We also show a lower tail bound on 7(A)
can be reduced to lower tail bounds on the bottom two singular values o, (z — A),0p,—1(z — A).

The strength of the tail bound can be characterized in terms of the power ¢, of € on the right-hand
side of a bound of the form

Pr(on—m(A) <¢e) < poly(n)e“ + exp(—n). (3)

The reduction from n(A) described in Lemma 77 goes through when

1 1

—+— <L

b a
For sufficient control on Evol A;(A), we just need ¢y > 0. Thus the bottleneck is the reduction
from n(A).

3. Control on bottom two singular values: We show the required control over the bottom
two singular values holds with room to spare. Specifically, we show a bound of the form (E) holds
for ¢g = 2 and ¢; = 4 (in fact, we show it holds for ¢,, = 2m + 2 for any constant m). The
argument is based on an e-net construction following the compressible/incompressible or rich/poor
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decomposition in [I'V07]. That work considers lower tail bounds of o,(M + N;) where z is a
general sub-Gaussian random variable and the sparsity parameter p(n) = n® 1, a > 0 is a fixed
polynomial in n. They show for every polynomial n*, there exists a polynomial n? such that

Pr(o,(A) < n_A) <n B,

By tracing their argument, one can show there is a linear relationship between A and B so that

their bound more closely resembles the form (E) for an unspecified tiny constant cp and ¢ = m.

By our improvement to the bootstrapping argument, their result gives enough control over Evol A.(A).
However, it is not enough for n(A). We specialize to the complex Gaussian case = g (or really the
case of x having bounded density on C) and achieve three advantages over [TV07] in this setting.
Firstly, our argument applies to every m (not just m = 0), and we show the optimal power of
co = 2 in the m = 0 case. Secondly, we may take € to be arbitrarily small. Lastly, we are able to
push the sparsity parameter down to (logn)?/n.

Furthermore, because g has a continuous density, we avoid the additive combinatorics required by
[TVO07], resulting in much simpler proofs.

Algorithmic application. As alluded to already, establishing control over the eigenvector con-
dition number of a matrix is essential for rigorous analysis of non-Hermitian eigenvalue problems.
The work of [BKMS21] does this by adding a dense perturbation N. The drawback is that the cost
of computing matrix-vector products goes from O(nnz(M)) to O(nnz(M)+nnz(N)) = O(n?) where
nnz(A) is the number of nonzero entries in the matrix A. The algorithmic content of this paper is
that it suffices to take N to be a sparse perturbation, with Ennz(N) = n?p for p = Q(log(n)?/n).

As a simple example of an application of Theorem ﬁ], we show it implies an algorithm for computing
the spectral radius spr(M) of any matrix up to mixed forwards-backwards error e using just

log(n) log(n/e)
¢ <1og(np) 2

- (anz(M) + n2p)>

floating point operations.

A full preprint can be found at
https://math.berkeley.edu/~rdshah/files/sparsepseudospectralshattering.pdf
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Randomized small-block Lanczos for null space computations

Daniel Kressner and Nian Shao
Abstract

Computing the null space of a large matrix A, having no particular structure beyond being sparse,
is a challenging computational problem, especially if the nullity N—the dimension of the null
space—is large.

When N = 1, standard choices include the Lanczos method for computing the smallest eigenvalue
and eigenvector of ATA. When N > 1, the Lanczos method (with a single starting vector) becomes
unreliable and prone to miss components of the null space. In fact, in exact arithmetic only a
one-dimensional subspace of the null space can be extracted via Lanczos. Block Lanczos methods
address this issue by utilizing a block of d > 1 starting vectors instead of a single starting vector.
Common wisdom and existing convergence analyses all suggest to choose d not smaller than the
size of the eigenvalue cluster of interest. Applied to null space computation this would require
d > N and in exact arithmetic this condition is indeed necessary. The presence of round-off error
blurs the situation. As an example, consider the 420 x 420 diagonal matrix

A = diag(0,...,0,1,2,...,399), (1)

that is, the first 21 diagonal entries are zero. When applying block Lanczos to A in order to
compute its null space and choosing a block of d (Gaussian) random starting vectors, one would
expect to obtain no more than d (approximate) zero eigenvalues and corresponding eigenvectors.
However, when executing block Lanczos in double precision arithmetic without breakdown and
declaring eigenvalues less than 10™* as zero, we obtain the results reported in Table 1.

Table 1: Null space dimension obtained when applying block Lanczos with d random starting
vectors to the matrix from (1).

Blocksized | 1 | 2 | 3 |4 |5 |6 | 7 |10]12|14|15]20 |21
Dimension | 11 | 11 [ 16 | 12 | 15 | 15 | 21 | 20 | 21 | 21 | 21 | 21 | 21

While the null space dimension estimated by block Lanczos for small values of d is erratic and
smaller than 21, it is always larger than d. In fact, already for d = 12, the correct null space
dimension is detected. Experiments with other matrices lead to similar findings, suggesting that
round-off error breaks some of the curse incurred by eigenvalue clusters, but it does not fully address
the convergence issues of single-vector or small-block Lanczos methods either.

The situation described above is reminiscent of recent work [MMM2024] on the single-vector Lanc-
zos method for low-rank approximation. Taking the randomness of the starting vector into account
they establish a convergence result that still requires the (large) singular values to be distinct but the
dependence of the complexity on the gaps between singular values is very mild, in fact logarithmic.
Although single-vector or small-block Krylov subspace methods do not satisfy gap-independent
convergence bounds, small random perturbations of A can easily break the adverse role of repeated
singular values. As we have seen, perturbations due to round-off are not sufficient to achieve this
effect, but (slightly larger) random perturbations will do, thanks to eigenvalue repulsion results.

In this work [KS2024], we propose a randomized small-block Lanczos method for null space cal-
culation, sketched as Algorithm 1. Compared to the task of low-rank approximation, there are
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two major differences. First, in low-rank approximation, the largest few singular values are usually
unknown and, in most applications, they do not form tight large clusters. In the context of null
spaces, the desired singular values form one large cluster of zeros. Second, while convergence to
the relevant invariant subspace is not necessary for low-rank approximation, such convergence is
imperative to obtain a good null space approximation.

Algorithm 1: Randomized small-block Lanczos for null space computations

Input: Matrix A € R™*" with m > n and N zero singular values. Block size d. Perturbation
parameter ¢ > 0. Number of iterations /.

Output: Orthonormal basis V' approximating null space of A.

Set B = ATA + €D, with a diagonal matrix D having diagonal entries uniformly i.i.d. in [0, 1];

Draw a Gaussian random matrix Q € R™"*9;

Perform block Lanczos to compute the decomposition BZy = Z;,Ty + Qp+1F¢r1, where Z; is an
orthonormal basis of Krylov subspace span{Q, BQ, ..., B 1Q} and T} is block tridiagonal;

Compute an orthonormal basis V for the invariant space of the N smallest eigenvalues of T}.
return V = Z,Vy;

In the theoretical part, we examine the impact of the random perturbation eD. In particular, we
present a new eigenvalue repulsion result for the perturbed zero eigenvalues of ATA. At the same
time, the perturbation incurs a limit on the attainable accuracy of the null space approximation,
and we quantify this effect by a perturbation analysis. For the single-vector case (d = 1), we achieve
more refined results by analyzing the convergence of individual Ritz vectors and establish sharp
bounds on the accuracy of the null space approximation.

In the numerical part, we incorporate several practical improvements, including preconditioning,
restarting, and partial reorthogonalization, and provide various numerical results for applications
such as the computation of connected graph components and cohomology. These numerical exper-
iments not only validate our theoretical findings regarding the randomized single-vector Lanczos
method but also highlight the efficiency of the small-block Lanczos method. Notably, it highlights
when our method is preferable compared to other null space solvers, particularly when the nullity
is substantial and memory constraints are a limiting factor.
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DATA-PARALLEL adaptive TENSOR-TRAIN CROSS approximation

Tianyi Shi, Daniel Hayes, Jing-Mei Qiu
Abstract

The tensor-train (TT) format is a low rank tensor representation frequently used for high order
tensors. Traditionally, the TT format is computed directly with all the elements in the tensor. In
this talk, we propose a TT decomposition algorithm that partitions the tensor into subtensors and
performs decomposition individually before merging back together. This factorization routine is
ideal for distributed memory parallelism. In addition, instead of computing the T'T format with
singular value decomposition based techniques, our proposed method, parallel adaptive TT cross,
is a data-centric iterative method based on data skeletonization and has a low computational cost.
In particular, our method is based on two innovative iterative formulations for data extraction
and TT format construction, and we provide theoretical guarantees, communication analysis, and
scaling results. For example, strong scaling results on synthetic datasets and discretized solutions
of 2D and 3D Maxwellian equations suggest that this algorithm scales well with the number of
computing cores, with respect to both storage and timing. This talk is based on the preprint
https://arxiv.org/abs/2407.11290

BIO: Tianyi Shi is a postdoctoral fellow in the Scalable Solvers Group in Applied Mathematics
and Computational Research Division at Lawrence Berkeley National Laboratory. He obtained
his PhD from the Center for Applied Mathematics at Cornell University. His research interests
include numerical linear algebra with a focus on sparse and data-sparse matrices and tensors, and
high-performance computing.
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Estimation of Spectral Gaps for Sparse Symmetric Matrices

Michele Benzi, Michele Rinelli, Igor Simunec
Abstract

Identifying the gap between two consecutive eigenvalues of a real symmetric matrix A € R™*"
is an important task that is often encountered in applications, such as in electronic structure
computations. For instance, in Kohn-Sham Density Functional Theory [5] one has to determine
the spectral projector P, associated with the Fermi level (or chemical potential) p € R, which
corresponds to the occupied states of a system described by a discrete Hamiltonian A. In the case
of insulators at zero electronic temperature, there is a gap separating the first k eigenvalues of
A from the rest of the spectrum, and the Fermi level p lies inside the gap between the k-th and
(k + 1)-th eigenvalue of A, where k is the number of electrons in the system. In this setting, the
spectral projector P, = h,(A) is often approximated using polynomials or rational functions that
approximate the step function h,(\), which takes the value 1 for A < p and 0 for A > p. In order
to use this approach, one first needs to compute a value of p that lies in the gap between A\, and
Ak+1, where we denote the eigenvalues of A as Aq, ..., A, in nondecreasing order.

Instead of looking for the gap between A\; and Axiq for a specific k, in this talk we tackle this
problem from a different perspective, and aim to find all gaps in the spectrum of A that are larger
than a certain threshold. Since in practical applications the gap between A, and Ag41 is often
relatively large, we expect that this approach will provide useful results even when one needs to
find a single, specific gap.

Let us denote by ne(u) the number of eigenvalues of A that are strictly smaller than p. Assuming
that 1 does not coincide with an eigenvalue of A, we have ne(p) = rank(F,) = tr(F,). Therefore,
ne(p) can be estimated by estimating tr(P,) with Hutchinson’s stochastic trace estimator [4] com-
bined with the Lanczos algorithm [7, Algorithm 6.15]. Given s random Gaussian vectors {x;};_,
Hutchinson’s stochastic trace estimator approximates tr(P,) with

1 S
tril(P,) := 5 Z x] P,x;.
i=1

Since P, = h,(A), each quadratic form can be approximated using the Lanczos algorithm. Let

n(f) € R™ ™ be an orthonormal basis of the Krylov subspace

K (A, x;) = span{x;, Az, . .. ,Am_lcci},
constructed with the Lanczos algorithm, and let the tridiagonal matrix T,%i) = Vn(f )TAVX ) be the
projection of A onto K., (A, x;). We can approximate wiTPuaci with

V(1) = zl3el hu(T))er,  j=1,...,Ny,

m

so we obtain the trace approximations
1 S
tr(Py,) ~ S 2 wﬁé) (1)-
1=

If we use the same vectors {x;}?_; for different u, these trace approximations can be computed
simultaneously for many different p by using the same Krylov subspaces K, (A, x;), with a cost that
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is only slightly higher than for a single value of p. This approach has already been used in literature
on related problems, such as the estimation of the number of eigenvalues of A in an interval or the
estimation of spectral densities [3, 6]. In this talk we will focus on thoroughly analyzing this method
for the detection of spectral gaps, with the goal of determining how to choose the parameters s
and m in order to minimize the computational cost and ensure that all gaps with relative width
above a given threshold 6 € (0, 1) are found (up to a failure probability ¢).

The error of Hutchinson’s estimator can be bounded, for instance, with [2, Theorem 1], which states
that

. 4
P(tr(P) — il (P =€) <6 i s> S (IRl + el Pullz) log(2/9).

However, we have ||P,|% = ne(u), and ne(u) = O(n) when p is near the middle of the spectrum, so
to achieve any fixed absolute accuracy € we would have to take s = O(n), which becomes unfeasible
as n grows. This means that with this approach it is prohibitively expensive to try and find a value
of 41 in the gap between A\; and Agy1 by requiring that trf(P,) ~ ne(n) = k. Instead, we use a
different point of view.

If we consider tr(P,) as a function of y, it is a nondecreasing and piecewise constant function, with
a jump of height 1 whenever u coincides with an eigenvalue of A. A similar property holds for
trE(PM), with the difference that the jumps have random heights, each with expected value 1. In
particular, trll(P,) is constant for all u € [a,b] if the interval [a,b] contains no eigenvalues of A.
This observation can be exploited to find gaps in the spectrum of A, by looking for intervals in
which the Lanczos approximation % > @Z)ﬁ,?(,u) is almost constant in x4 and has a small error. For
instance, if for a constant C' and a small € > 0 we can show that
tri(P,) € [C —¢,C + ¢ for all u € [a, b],

then we can conclude that either trfl(P,) is constant in the interval [a, b] and hence [a, b] is a gap in
the spectrum of A, or all jumps in trl(P,) associated with eigenvalues in [a, b] have heights smaller
than 2e. If € is small enough, the latter event has a small chance of occurring.

In order to make the argument outlined above rigorous, we obtain a bound on the probability of
having small jumps in trf! (P,), as well as a posteriori error bounds and estimates for the Lanczos
approximation of the quadratic forms a:;fFPua:i. By combining these bounds, we will show that
for a given budget of matrix-vector products with A, the best way to allocate it is to set s = 1,
i.e., use a single random vector for Hutchinson’s estimator and concentrate all the computational
effort on the Lanczos algorithm. We also obtain an a priori bound on the accuracy of the Lanczos
approximation that depends on the relative gap width 6, which will allow us to predict how many
Lanczos iterations are needed to ensure that all gaps larger than a given width are detected.

The theoretical analysis is complemented by a detailed computational discussion, leading to an
algorithm that is able to detect gaps efficiently and reliably. The effectiveness of the proposed
method will be showcased with several numerical examples. Further details can be found in the
preprint [1].
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Alternating Mahalanobis Distance Minimization for CP Tensor
Decomposition

Navjot Singh, Edgar Solomonik
Abstract

Tensors generalize matrices by representing data in more than two dimensions. Tensor decom-
positions are mathematical constructs used to efficiently represent, approximate, and manipulate
tensors. Tensor decompositions have applications in various fields such as in image analysis [2],
in signal processing [6], in quantum chemistry [5], in chemometrics [4] and many more. Finding
the most accurate low rank tensor decomposition of a tensor is an NP-hard problem [1] in most
cases. Consequently, numerical optimization algorithms are used to compute a low rank approxi-
mation efficiently. In this talk, we present a novel alternating optimization algorithm for CP tensor
decomposition (CPD) [7].

CP Decomposition. The CPD problem, for an order 3 tensor T is formulated as following,

2
min 1HT— [[A,B,C}]H ,
A,B,C 2 F

([A, B,CD)iji = > _ airbjrcir-

The most used algorithm to solve the above problem is alternating least squares (ALS). ALS solves
for one factor matrix at a time which results in least squares equation. Solving for factor matrix
A results in the following least squares equation,

A(CoB)" =Ty,

where ® denotes the Khatri-Rao product. ALS solves these equations via normal equations where
the solution is given as

A=Ty(CoB)" =1, (CceB)(B"B+CTC)f,

where * denotes the Hadamard product, and t denotes the Moore-Penrose inverse. The normal
equations result in a solution that is optimal in Frobenius norm and matrix 2—norm. We propose
an update that solves the least squares equations for factor A as

A =T, (C™" o B™).

We prove that the above update leads to an alternating minimization algorithm which has a local
superlinear convergence rate for exact CP rank problems, when rank is smaller than the di-
mensions. The above update is an optimal solution of the least squares equations in Mahalanobis
norm. The algorithm corresponding to these alternating updates is called alternating Mahalanobis
distance minimization (AMDM) [7]. The update for factor A is derived by minimizing the following
objective function

min %vec(T _[A, B,C])" Mvee(T — [A, B, C]),
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where M is a Kronecker structured positive definite matrix. M is defined as

M :(M(A))*1 & (M(B))*1 & (M(C))*{
M®B) = BBT + (I - BBY),

and similarly defined for M(4) and M(©). Mahalanobis norm [3] is a generalization of Frobenius
norm by using covariance or ground metric matrices. For exact rank problems, the minima for any
Mahalanobis norm corresponds to the minima of Frobenius norm. However, for approximation of
a tensor with low CP rank, the stationary point of the AMDM algorithm may not be optimal in
Frobenius norm metric that is the most used metric for assessing quality of the decomposition.

We empirically show that changing the metric M from I (which corresponds to the ALS update) to
the proposed AMDM metric leads to a well-conditioned decomposition for approximation problems.
A well-conditioned decomposition is useful for separation of components, clustering using CPD
factors, and stability of application of the operator when an operator is approximated via CPD.
We also show that by interpolating between AMDM and ALS updates, we obtain a hybrid algorithm
that leads to better fitness as compared to ALS while maintaining a the quality of decomposition.
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Algorithms for Hermitian eigenproblems and their complexity

Aleksandros Sobczyk

Abstract

Hermitian eigenproblems, and, more broadly, Hermitian-definite pencils, arise naturally in many
real world applications in Machine Learning, Scientific Computing, and Engineering. Given a
Hermitian matrix A and a Hermitian positive-definite matrix B, the goal is to compute (a subset
of) the eigenvalues A and/or the eigenvectors v, which satisfy

Av = \Bv.

In data science and machine learning, for example, they arise in Spectral Clustering [31, 39], Lan-
guage Models [22], Image Processing [36, 1], Principal Components Analysis [11, 24, 37], and many
others [12, 29, 14, 9, 28, 2]. A ubiquitous application in Scientific Computing is the computation
of the density matrices and the electron densities in Density Functional Theory (DFT) [27].

Algorithms for eigenproblems have been studied since at least the nineteenth century, some early
references being attributed to Jacobi [23, 16]. In this work we revisit algorithms from the computa-
tional complexity point of view, targeting (i) eigenvalue problems, which involve the approximation
of eigenvalues, singular values, spectral gaps, and condition numbers, (ii) eigenspace problems,such
as the approximation of eigenvectors, spectral projectors, and invariant subspaces, and (iii) diag-
onalization problems, which refer to the computation of all the eigenvalues and eigenvectors of a
matrix, for example, a full spectral factorization, or the SVD.

This work is a summary of the results in [41, 40] for some variants of the aforementioned problems,
which were part of the corresponding authors’ doctoral dissertation. All of the algorithms and
complexity bounds are in the following three models of computation:

Exact real arithmetic (Real RAM), where a processor can execute the following operations:
{+,—, X, /,+/*, >}, on real numbers, in constant time, without any rounding errors;

Rational arithmetic, where numbers are represented as rationals consisting of an integral nu-
merator and denominator of finite (but variable bit length, and each arithmetic operation
does not introduce errors but takes time proportional to the number of bits;

Floating point, where any real number o € R is rounded to a floating point number fl(a) =
s x 2¢7t x m, and each arithmetic operation ® € {4, —, x, /,+/*} introduces also some errors
that satisfy flla © 8) = (1 +0)(a © B), fi(y/a) = (1 + 6)y/a, where |#] < u. Assuming
a total of b bits for each number, every floating point operation costs F(b) bit operations,
where typically it is assumed that F(b) € O(b) [19].

Algorithms in Real RAM. In the Real RAM model, we analyze the following problems:

1. Symmetric arrowhead/tridiagonal diagonalization,
2. Hermitian diagonalization,

3. Singular Value Decomposition.
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We first provide an end-to-end complexity analysis of the divide-and-conquer algorithm of Gu
and Eisenstat [18] for the diagonalization of tridiagonal and arrowhead matrices, when accelerated
with the Fast Multipole Method [35]. By carefully analyzing all of the steps of the algorithm, we
show that it provides provable approximation guarantees with the claimed nearly-O(n?) arithmetic
complexity, which significantly improves classic (dense) eigensovlers such as the QR algorithm.

The tridiagonal diagonalization algorithm can be efficiently combined with the (rather overlooked)
tridiagonal reduction algorithm of Schonhage [38], who proved that a Hermitian matrix can be
reduced to tridiagonal form with unitary similarity transformations in O(n“) arithmetic operations.
Here w < 2.371 is the current best known upper bound for the matrix multiplication exponent. This
way, we can diagonalize a Hermitian matrix in nearly matrix multiplication time, improving the
O(n?) arithmetic complexity of classic algorithms [30, 17], as well as the more recent O(n® log®(2))
complexity of the randomized algorithm of [3]. Similar bounds are obtained for the deterministic
complexity of the SVD. Many theoretical works assume the exact computation of an SVD as
“black-box” subroutine; see e.g. [34, 15, 13, 7, 9, 8], to name a few. However, its complexity and
approximation guarantees are often unspecified. Our main results and comparisons with existing
algorithms are outlined in Table 1.

Table 1: Complexities for diagonalization problems in the Real RAM model. The randomized algo-
rithms succeed with high probability (at least 1 — 1/ poly(n)). O(n®(@>) denotes the complexity

of multiplying two matrices with sizes n® x n® and n® x n¢, respectively.
Arithmetic Complexity Deterministic

Arrowhead/Tridiagonal diagonalization
[10, 32, 18] O(n®) + O(n?) v/
Our results (0] (n2 polylog(%)) v
Hermitian diagonalization
[3, 25] O (n”1log*(2)) X
] O (n“ 1) X
[30] O (n?) v
Our results O (n* log(n) + n” polylog(2)) v
SVD
Fast MM + [30] (@) (n“’<1’k‘1)) +0 (nB)
3, 25] 0 (nwﬂ’k»l) +n 1og2(g)) x
Our results (0] (n“’(l’k’l) +n%log(n) + n? polylog(%))

Algorithms in finite precision. Similar deterministic complexity upper bounds are obtained
for several problems in finite precision. We will present a stability analysis of the tridiagonal
reduction algorithm of Schonhage, and its combination with the tridiagonal eigenvalue solver of
[5, 6] (in rational arithmetic), to compute all the eigenvalues of a Hermitian matrix in nearly O(n“)
bit operations, deterministically.

Our main results, which are summarized in Table 2, improve several existing algorithms in different
aspects. Pan and Chen [33] showed how to achieve additive errors in the eigenvalues in O(n“)
arithmetic operations, but this increases to O(n“*!) boolean operations in rational arithmetic. The
algorithm of [30] achieves O(n?) bit operations for all the eigenvalues. In the randomized setting, [3]
also provides forward errors for the approximate eigenvalues in the Hermitian case, by exploiting a
perturbation bound by Kahan [26, 41] in O(n“ polylog(n/e)) boolean operations, but the logarithm
power is fairly large. We also provide the analysis for several other useful subroutines related to
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eigenvalue computations, including singular values, condition numbers, Hermitian-definite pencil
eigenvalues, spectral gaps, and spectral projectors.

Table 2: Boolean complexity comparison in finite precision. Here €, € (0, %) FP stands for Floating
Point and RA for Rational Arithmetic.

Boolean Complexity Success probability Model
Tridiagonal Reduction
(21, 20] O (n*F (log(2))) Deterministic FP
Our results O (n* log(n)F (log(%))) Deterministic FP
Hermitian Eigenvalues
[30] ( (log E))) Deterministic FP
€
[3]+[26] o (n log*(%)F (lo () log( ))) —0(1/n) FP
Our results (0] ( W.7-"(log ) ) +n polylog(%)) Deterministic FP+RA
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Filtration of Lanczos vectors in hybrid CG Tikhonov iteration

Kirk M. Soodhalter, Daniel Gerth

Abstract
We consider iterative methods for solving a linear ill-posed problem of the form
Az~y=v"—6-n

wherein A : X — ) is a compact linear operator, and y? is a version of the right-hand side obtained
by noisy measurements, with ||n|| = 1 and 0 < § < 1. We assume that we only have access to y°. It
is well known that naive solution using the pseudoinverse operator Afy? may lead to amplification
of the measurement noise, unbounded in the infinite-dimensional case and bounded but large in
the finite-dimensional case.

Conjugate gradients applied to the normal equations (CG) A*Axd = A*y® with an appropriate
stopping rule and CG applied to the system solving for a Tikhonov-regularized solution (CGT)
(A*A+tcly)z%9) = A*y (¢ > 0 is the Tikhonov parameter) are closely related methods. It has been
long observed that they build iterates from the same family of Krylov subspaces, due to the scalar
shift invariance property of Krylov subspaces [4]; i.e., Ky (A*A, A*y°) = K, (A*A + cly, A*y°).
With this in mind, one can express both CG-based iterates with respect to the same Lanczos basis.
In particular, one can use this to understand how the representation of the CGT iterates change as

a function of ¢ with ¢ — 0 yielding a CG iterate. Let x0, = >/, zz-(m)vi be the CG iterate where
{v;}" is the Lanczos basis for K, (A*A, A*y?). Via linear algebraic manipulations, one can show

that the CGT iterate can be expressed as
m
209 =3 A" (),
i=1

m
where {vfm) (c)} ~are functions of the Tikhonov parameter. These coefficient multiplier functions

can be shown to have decay properties as ¢ — oo with the speed of decay increasing with 4,
asymptotically. This has the effect of filtering out the contribution of the later terms of the CG
iterate. Thus, we call these functions Lanczos filters, as they express the effect of CGT regularization
in terms of the CG expressed in the Lanczos basis rather than in terms of the singular vector basis,
as is the case of classical definition of filter function in regularization theory [3].

Much of this work is explored in the context of infinite dimensional ill-posed problems to present
the analysis as generally as possible. For this, we build upon the work in [1] (which works with
the equivalent Golub-Kahan/LSQR formulation of these methods) to prove some additional con-
vergence results, to help us understand the beahvior of the CG and CGT iterates.

If we restrict our focus on the behavior of these methods when applied to finite-dimensional discrete
ill-posed problems, we can understand these filters as dampening the influence of Lanczos vectors
that are more highly polluted with noise. The mechanics by which noise comes to pollute the
Lanczos vectors has been illuminated by means of Gauss-Radau quadrature in [5, 6], and the
review [2] and references therein discuss how this has been previously used for Tikhonov parameter
selection.

We demonstrate with numerical experiments that good parameter choices correspond to appropriate
damping of the Lanczos vectors corresponding to larger amplifications of the measurement noise.
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Building on this idea, one can consider approaches other than Tikhonov for damping amplified
noise. We conclude by noting that analysis of other hybrid regularization schemes via damping of
(Krylov) subspace basis vectors from the iteration itself may be a useful avenue for understanding
the behavior of these methods for different choice of parameter, etc.
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GMRES with Preconditioning, Weighted norm and Deflation

Nicole Spillane, Daniel B. Szyld
Abstract
We consider the general problem of solving a linear system of the form
Ax=b; A cC""; beC".

The matrices A that we consider are non-singular, sparse and of high order n. For solving these
matrices, GMRES [3, Chapter 6] is a natural choice. We address two fundamental and connected
questions: How can the convergence of GMRES be predicted 7 How can the convergence of GMRES
be accelerated ? Our aim is to combine three ways of accelerating GMRES convergence:

o Weighting by a Hermitian positive definite (hpd) matrix W: all inner products and norms in
the GMRES algorithm are replaced by the ones induced by W (see [1]),

e Preconditioning by a non-singular matrix H: GMRES is applied to the preconditioned prob-
lem AHu = b with x = Hu (see [3, Section 9.3]),

« Deflation by a projection operator IT := I — AZ(Y*AZ)~'Y* (with Y,Z € C™™): GMRES
is applied to the projected problem IITAHu = IIb (see [7, 4]). A suitable initialization is also
performed that accounts for the part of the solution that has been projected away.

We refer to W, H and II as accelerators for GMRES. With words, the strategy is that the pre-
conditioner H should be a good approximation of A~!, the deflation operator should handle the
space where H does not well approximate A~', and the weighted inner product should facilitate
the analysis. In practice, identifying efficient accelerators requires a GMRES convergence bound
where the influence of H, W and II is explicit. We prove in [6, Theorem 4.1] that the convergence
rate is bounded by

—= range
|3y e ITTA Ry |3y |y [y

Further Assumptions Major simplifications occur in the case where A is positive definite (i.e.,
its Hermitian part is hpd), the preconditioner H is hpd, and the weight equals the preconditioner
W = H. In this case (and with a technical assumption on the deflation operator), it holds that

Hri+1|’%—l . |<A_1y7Y>| Amin(HM)
2 <1 —inf
||rzH%_I = m yErange(AHH)\{O} <y7 M_1y> X )\max(HM) )

where M = 1/2(A + A*) and N = 1/2(A — A*) are the Hermitian and skew-Hermitian parts of
A and the spectrum of HM is in the interval [Apin(HM), Apax(HM)].

Convergence without deflation Setting IT =T (no deflation) and with an identity from [2] it
is proved in [5, Theorem 4.3] that

i lld 1 o Amin (HM)
Ieilliy — 14+ pM-IN)? T A
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where p(-) denotes the spectral radius of a matrix. The residuals are bounded with respect to
two quantities. The first is the condition number of HM, a measure of whether H is a good
preconditioner for the hpd matrix M. The second is the spectral radius of M~!IN, a measure of
how non-Hermitian the problem is. The takeaway is that fast convergence is guaranteed if the
problem is mildly non-Hermitian and H is a good preconditioner for M. The bound also has
important consequences for parallel computing and the analysis of domain decomposition methods.

A new deflation space [6, Theorem 6.3] When the problem is significantly non-Hermitian
(in terms of p(M~!'N)), we propose to combine Hermitian preconditioning with spectral deflation.

Under the same assumptions as above, we choose the matrices Z and Y in the characterization of
the projection operator IT as follows. First, we denote by (A;, z)) € iR x C" (for j =1,...,n) the
eigenpairs of the generalized eigenvalue problem Nz = Aj Mz, Then, with a chosen threshold
7 > 0 we select for the deflation operator, the highest frequency eigenvectors, by setting

span(Z) := span{z’);|\;| > 7} and Y = HAZ.
Then the convergence of weighted, preconditioned and deflated GMRES is bounded by

Iria g Lo b Anin(HM)
Tz S 5 :
73| (L4+7%)  Amax(HM)

Numerical illustrations show that preconditioning the Hermitian part in a way that is scalable leads
to overall scalability and that spectral deflation accelerates convergence when the problems become
more strongly non-Hermitian.
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Evaluating and improving streaming methods for large scale SVD problems

Andreas Stathopoulos, Jeremy Myers, Toon Tran

Abstract

Large scale eigenvalue and singular value problems are typically solved using iterative methods
[10, 12]. For extreme scale matrix sizes randomized projection methods can be much faster while
still delivering sufficient accuracy, measured as the distance from the optimal low rank matrix.
The accuracy can be improved by following the projection with subspace iteration [7, 8]. However,
achieving high accuracy for individual singular vectors is generally more challenging.

In this work we address the problem where the matrix is so large that cannot be stored in its entirety
and its re-computation is either too expensive or not possible; hence even iterative methods are
infeasible. This situation is becoming increasingly common in the era of “bigger” data and is
often referred to as streaming, i.e., when the data arrives in some order, is processed, and then
forgotten. In terms of matrices, we assume that a matrix is streamed in m linear updates (see [14]),
A =>"", H;, but we focus our attention to streaming by rows, i.e., H; is a set of rows of A.

Randomized methods are naturally suited for streaming. When a new H; arrives, its randomized
projection is recorded, and the method continues until the entire matrix has been streamed, at
which point an approximate SVD can be computed from the projection. A series of improvements
on this basic idea [18, 15, 16, 13] have resulted in an efficient randomized method called SketchySVD
[14].

A different class of deterministic streaming SVD methods has been proposed but has not received
as much attention despite its potential for more accurate approximations. We use Incremental SVD
(ISVD) as a prototype such method. Inductively at step 7 + 1, ISVD appends the new window
H; 1 to an existing rank-k approximation B®) computes the SVD of [B); H;, 1], and then updates
BU+1) baged on the rank-k truncation of the SVD. Earlier works [9, 2, 4, 3, 5, 20] compute only
the left or right singular vectors, while the ISVD of Baker et al. [1] generalized these approaches
to track both left and right singular vectors albeit at a higher computational cost.

A notable difference is that ISVD provides a running low-rank approximation at every window,
while SketchySVD can wait till the end of streaming to compute it. Broadly speaking, randomized
sketching methods have low time and space complexity whereas deterministic sketching methods
have higher accuracy. However, the trade-offs have not been carefully studied in the literature. Em-
pirical results with randomized sketching methods do not compare with streaming or use datasets
that are typically small enough to be processed by batch methods [14]. In this work we explore these
missing comparisons and we introduce some new ideas for improving ISVD. Our contributions can
be summarized as follows:

o Traditional ISVD methods update the low rank approximation one row or a small number of
rows at a time. Because ISVD accuracy improves with larger window size (number of rows
in H;), we instead make the window size as large as memory can hold. Because only a low
rank approximation is needed, iterative methods can be used to solve the partial SVD of the
large rectangular window.

e To evaluate the benefits of these streaming methods we need to address enormous prob-
lem sizes. For this reason, we provide a high-performance C++ implementation of both
SketchySVD and 1SVD called Skema (available at https://github.com/jeremy-myers/
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skema). To perform dense and sparse matrix-vector multiplications (matvecs), Skema lever-
ages the Kokkos Performance Portability Ecosystem [6] for hierarchical parallelism on het-
erogeneous architectures, including x86 and accelerators. To compute a few eigenpairs or
singular triplets, Skema uses the PRIMME [11, 19] library. Dense matrix operations inside
PRIMME utilize multithreaded BLAS on CPUs and MAGMA on accelerators.

We provide a complexity analysis of the “large window” streaming method and compare it
with a similar analysis of SketchySVD. We show that ISVD is more expensive than the same
iterative method applied to the entire matrix for the same number of iterations. The overhead
is proportional to the number of windows, especially for very sparse matrices. Therefore,
choosing larger window size not only improves accuracy but also reduces the time overhead.

We also perform extensive numerical results on problems with enormous dimensions that are
much larger than those in the literature. Sources of problems include: stock price prediction
(kernel learning), social networks/analysis graphs, and scientific simulation data. We observe
that ISVD approximations are at least as accurate as SketchySVD ones and often several
orders of magnitude more accurate. Comparing runtimes, SketchySVD is typically faster, but
not as much as the complexity analysis suggests. This is because dense Gaussian embeddings
involve too many operations while sparsemaps implementations present a challenging memory
access pattern.

Using iterative methods as the SVD solver at each window allows the use of initial guesses
which are readily available from the previous window, i.e., B transformed appropriately to
correspond to the [B(i)HZ-] matrix. Since the low rank approximations B® change relatively
slowly between windows, initial guesses provide a substantial reduction in the number of
iterations, around 30-50%.

ISVD allows for further optimizations when solving for the largest eigenvalues of a symmet-
ric positive definite (SPD) matrix. Such problems are common in large graph Laplacians,
covariance matrices, and kernel methods in machine learning. Since the SVD and the eigen-
value problem are equivalent for SPD matrices, any right singular vector v of the rectangular
window at any 1ISVD step is an approximation to an eigenvector of A. Therefore, for any
row m of A we can compute the m-th value of the eigenvalue residual as A(m,:)v — Av(m).
This motivates the following convergence criterion for each ISVD window. Notice that while
the iterative method converges to the SVD of the rectangular window, the corresponding
eigenvalue residuals for A stop making progress after some iterations. If we can estimate the
A residuals we can check for this and stop early. We use reservoir sampling [17] to create and
store a subset of rows of A, Ag, for which we can estimate the residual values and extrapolate
the residual norm to the entire matrix. Reservoir sampling is a method to maintain a uniform
sample of elements that have been streamed up to now. Preliminary results on this idea have
been promising for further reducing the number of iterations.

In some cases, the streaming order of rows can be chosen by the user. An example is when a
row of a covariance or a kernel matrix is computed on demand from the data (data requires
O(n) storage vs O(n?) storage for the entire matrix). Therefore, the question arises of what
is the effect of streaming order in the final accuracy of the low rank space, and whether this
is achieved early or late during streaming. Based on the convergence analysis of [1] we show
that, on average, each window provides a similar additive improvement on accuracy. This
means that ISVD does not see the best accuracy until the last window. We have observed
that if rows are streamed in the order of decreasing row norms of A, the final accuracy is
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achieved very early in streaming. Thus, we explore the idea of using the row norms of the
low rank approximation B() as leverage scores to stream first the remaining rows with the
largest norms. This heuristic also achieves a similar behavior where most of the accuracy is
achieved earlier. If combined with our residual norm estimation using reservoir sampling, this
heuristic may suggest stopping the streaming before all windows have been streamed. This
approach is still under investigation.
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Rational Krylov methods for exponential Runge-Kutta integrators on
networks

Martin Stoll,Kai Bergermann
Abstract

We consider the solution of large stiff systems of ordinary differential equations with explicit expo-
nential Runge—Kutta integrators [2] for systems of the form

ou(t)
ot
where we view them as being semi-discretized semi-linear parabolic partial differential equations on

continuous domains or on inherently discrete graph domains. This results in A = A (the continuour
case) or A = L the graph case.

— Pt u(t) = —Au(t) + g(t,u(®), u(0) = uo, (1)

We suggest the use computing linear combinations of p-functions in exponential integrators [1] to
solve the above problem. State-of-the-art computational methods use polynomial Krylov subspaces
of adaptive size for this task. These methods often suffer from that the required number of Krylov
subspace iterations to obtain a desired tolerance increase drastically with the spectral radius of the
system matrix A.

We present an approach that leverages rational Krylov subspace methods for this task (cf. [5]).
The main workhorse are Runge-Kutta schemes. For these, one can now employ the scheme with s
internal stages t + c1h, ..., t + csh; with ¢; € [0,1] for 1 < j < s into the time interval [t,t + h;]
leading to schemes of the form

Uit1 = X(—hZA)’LLl + h; Z bj(—hZA)GU (2)
=1
Uij = x;j(—hiA)u; + h; Z ajr(—hiA)G, (3)
k=1
Gir = g(ti + crhi, Usr), (4)

where X, X;, a;i, and b; are p-functions (cf. [4]).

Our exponential integrator approach relies on the use of rational Krylov approximations to the
matrix functions via

F(A)E ~ ||€]l2Vin f(H K e, (5)

where H,, and K, are small matrices coming from the rational Arnoldi method. We then give a
novel a-posteriori error estimate of the rational Krylov approximation to the action of the matrix
exponential on vectors for single time points. This bound allows for an adaptive approach similar
to existing polynomial Krylov techniques. We then briefly discuss the selection of poles and the
need for solving linear systems efficiently. The key to the convincing performance is to construct
preconditioners that lead to approximately constant iteration numbers.

Numerical experiments show that our method outperforms the state of the art for sufficiently large
spectral radii of the discrete linear differential operators [3]. We focus on well-known nonlinear
partial differential equation models allowing the fast simulations of examples including Turing
patterns. Additionally, we show that this approach allows the fast simulation of nonlinear network
dynamical systems.
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Sparsify Latent Factor Matrix by Householder Transformations

Xiaobai Sun
Abstract

In 1958 A.S. Householder (1904-1993) introduced the reflection transformation in his highly influ-
ential paper, Unitary Triangularization of a Nonsymmetric Matriz, published in the Journal of the
ACM. He presented the reflection as a special case of nonsingular transformation matrices in the
form of a rank-1 deviation from the identity matrix. In that same year, H. F. Kaiser (1927-1992)
published the seminal paper the Varimaz Criterion for Analytic Rotations in Factor Analysis in
Psychometrika. Both papers have seen increasing citations in recent years, as will be demonstrated.
This work introduces the use of Householder transformations for effective and efficient rotations and
sparsification of latent factors. It has several advantages over the state-of-the-art factor rotation
methods. This appears to be the first connection between these two lines of research. !

Analytic rotations are central to multiple factor analysis. Factor analysis is a statistical method
to uncover one or more than one latent variables, a.k.a. factors, that explain or interpret the
correlations among observable and observed variables. Latent variable analysis, originated from
the pioneering work of C. Spearman in 1904 in psychology, is indispensible to modern exploratory
analysis of data from various study fields, especially in social sciences and biomedical sciences. In
multi-factor analysis, the relationship between the observable and latent variables is represented by
a factor (loading) matrix. The concept of model simplification by factor rotations was conceived and
developed between 1932 and 1938 by L. L. Thurstone (1887-1955). Factor rotations are preceded
by an initial factor extraction, which can be obtained manually based on expert knowledge or
automatically via principal component analysis, maximal likelihood estimate, or other approaches.
The factor axes are then re-oriented by orthogonal or oblique rotation transformations, to simplify
(i.e. sparsify) the factor matrix pattern. The purpose is to identify salient relationships between
the observed variables and the latent factors and to explain or interpret the correlation in observed
phenomena. The term simplification here refers to reducing the complexity of observed variables
in terms of the underlying factors. Thurstone’s five simplification rules have been notably refined
over time. Kaiser’s varimax criterion and solution methods have a broad and lasting impact.

The factor rotation problem can be generally described as a factor matrix transformation governed
by a constrained nonlinear optimization problem. An objective function specifies a simplification
(or sparsification) criterion based on desired properties of the rotated factor matrix. All existing
criteria, including Kaiser’s criterion, are nonlinear functions with respect to the elements of the
rotated factor matrix. Constraints include equations to ensure the orthogonality in orthogonal
rotations or to preserve the variance per factor and avoid factor collapse in oblique rotations.
Additional constraints may be imposed in confirmatory factor analysis to align with reference or
target factor patterns.

Consider a particular case. Let Bpx, be the initial factor (loading) matrix with p variables and m
factors, where 1 < m < p. Let L(U) = BU be the loading matrix rotated from B by an orthogonal
transformation U. Kaiser’s criterion can then be described as follows,

- (L LG H)"LGg) ) ~
U*—argUrggzl¢(L(U))—T— > <p> ,  L(U) =B, (1)

j=1m

LThis abstract is based on a manuscript not yet submitted anywhere to be considered for publication.
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where e denotes the constant-1 vector?. The rotated factor matrix is L(Us,).

Methods for computational solution of a factor rotation problem, such as (1), are inherently iterative
due to the non-linearity of the objective criterion function. Kaiser’s solution method involves
iterative sweeps of plane rotations. Every sweep comprises m(m — 1)/2 plane rotations across all
pairwise factor axes. The single parameter for each plane rotation can be determined by a single
equation derived from (1). Without being confined to the plane rotation sweeps, some methods
take the alternative approach, which determines an m x m orthogonal matrix U, with m(m —1)/2
equations for the orthogonality. More specifically, one may use the Lagrange approach, with up to
m(m —1)/2 multipliers, or deploy the gradient ascending method followed by a projection into the
feasible solution space.

The specialized use of Householder transformations for factor matrix sparsification can effectively
mitigate or eliminate certain issues present in existing factor rotation methods. For orthogonal
factor rotations, a Householder reflection is used in place of a plane-rotation sweep as in Kaiser’s
method. In comparison to the alternative approach, this new approach implicitly decomposes a
general orthogonal matrix U into orthogonal factors of a compact form. At each step, there are
(m — 1) parameters to be determined, as opposed to just 1 at one extreme with Kaiser’s method
or m(m — 1)/2 at the other extreme with the alternative approach. For any m > 1, there is only
one Lagrange multiplier. The new factor rotation approach is simple in derivation as well as in im-
plementation. It effectively eliminates the sequencing or scheduling problem within each sweep of
plane rotations and resolves the projection issue encountered in gradient-based iteration methods.
Additionally, numerical experiments, which will be presented, demonstrate that the new approach
is more efficient. For oblique rotations, the use of an oblique Householder transformation is intro-
duced, with similar benefits. Not restricted to Kaiser’s criterion, the new method for sparsifying
the factor matrix is compatible with and applicable to all factor rotation criteria commonly used
in practice.

As a curious application, the simplification criteria and methods are also utilized to sparsify the
base vectors for a multi-dimensional Householder reflection.

2The criterion will be explained in the presentation
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Asynchronous methods meet randomized: Provable convergence rate

Daniel B.Szyld
Abstract

Asynchronous methods refer to parallel iterative procedures where each process performs its task
without waiting for other processes to be completed, i.e., with whatever information it has locally
available and with no synchronizations with other processes. For the numerical solution of a
general partial differential equation on a domain, Schwarz iterative methods use a decomposition
of the domain into two or more (usually overlapping) subdomains. In essence one is introducing
new artificial boundary conditions Thus each process corresponds to a local solve with boundary
conditions from the values in the neighboring subdomains.

Using this method as a solver, avoids the pitfall of synchronization required by the inner prod-
ucts in Krylov subspace methods. A scalable method results with either optimized Schwarz or
when a coarse grid is added. Numerical results are presented on large three-dimensional problems
illustrating the efficiency of asynchronous parallel implementations.

Most theorems show convergence of the asynchronous methods, but not a rate of convergence. In
this talk, using the concepts of randomized linear algebra, we present provable convergence rate
for the methods for a class of nonsymmetric linear systems. A key element in the new results is
the choice of norm for which we can prove convergence of the residual in the expected value sense.
Joint work with Andreas Frommer.
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Preconditioning Weak-Constraint 4D-Var: A Parallelisable Implementation
in Firedrake

Jemima M. Tabeart, David Ham, Josh Hope-Collins

Abstract

Data assimilation refers to a class of methods which seek to find the most likely state of a dynamical
system by combining information from a (numerical) model of the system of interest with measure-
ments of the system [2]. The most mature application of data assimilation is to numerical weather
prediction, where large dimensional problems (10 dimensional states and 107 measurements) need
to be solved in a very short amount of time. Algorithms also need to be highly parallelisable in
order to exploit high performance computing resources available at meteorological centres.

In variational data assimilation methods, a non-linear least squares problem is solved via a Gauss-
Newton approach [5]. One computationally expensive component of this implementation consists of
approximately solving large linear systems. Preconditioners can help to speed up the convergence
of iterative methods, but it can be challenging to design effective and efficient preconditioning
methods. This is particularly true for the weak-constraint 4D-Var problem, which accounts for
the fact that the numerical model itself is imperfect. Relaxing the assumption of a perfect model
increases the size of the state space, but introduces the possibility of using parallel-in-time [3]
methods, compared to the strong constraint method where model evaluations must be performed
in serial.

For a fixed time window [to, tx], xi € R® denotes the true state of a dynamical system of interest at
time t;, with observations y; € RPi made at times ¢;. Prior information obtained from a numerical
model, x; € R?, is then combined with the observation information to find x; € R*, the most likely
state of the system at time ¢;. The prior, or background state, is valid at initial time ¢y and can be
written as an approximation to the true state via x, = x§ + €’. We assume that the background
errors € ~ N(0, B). We define a, possibly non-linear, observation operator #; : R® — RPi which
maps from state variable space to observation space at time t;. Observations are written as y; =
Hi[x!] + € € RPi for i =0,1,..., N, where the observation error ¢, ~ N (0, R;) for R; € RPi*Pi,

This weak constraint 4D-Var problem then leads to a non-linear objective function of the form:

N

T00) =5 (¢~ x0) B x — x0) + 5 S (vi — Habal) TRy (v — Hil))
=0
N
+ % (xi = Mi(xi-1)) " Q; " (xi = Mi(xi-1)),

=1

Within each outer loop, the inner loop minimises a quadratic objective function to find x) e
RN+ where ox) = x(+D) — xO Writing 6x = (0x],0%],...,0x})", the full non-linear
observation operator H; (similarly the model operator M;) is linearised about the current best
guess xz@ to obtain the linearised operator H i(l) (respectively Mi(l)). The updated initial guess 5x(()l)

is propagated forward between observation times by Mi(l) to obtain ngzl = Mi(l)éxz(.l).

The aim of the inner loop is to solve the symmetric positive definite system given by

Sox=L'D'b+H'R'd, S=L'D'L+H'R'H (1)
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where

B I Ro Ho
Q1 —M; I Ry Hy
D= . 3 L= .. .. ) R = . ) H=
" Qn My T " Ry " Hy
with M;, H; being the linearisations of M; and H; about the current solution.

However, the primal formulation, (1), has limited potential for acceleration via preconditioning
approaches. In particular, it is difficult to exploit the inherent parallelism in the forward problem
when designing preconditioners. Recent work has focused on a reformulation of the linearised
objective function as a saddle point system [6] which takes the form

D 0 L on b
0 R H||[|dv]|=|d]. (2)
LT H' o dx 0

A number of approaches to precondition the model term, L, have been proposed (see e.g. [6, 7,
12, 11]), many of which impose parallel-in-time structure on L' ~L1 However, testing and
comparing these new preconditioners in realistic frameworks is not straightforward. Variational
data assimilation requires access to linearised model and adjoint operators. The time cost of
implementing these for a new problem means that researchers often test their new approaches on a
limited number of toy problems, such as the Lorenz 96 problem [9] or the shallow water equations.
If available (and accessible to the researchers), the next step is a full scale implementation within
an operational code, meaning that even in the best case there is a gap in test problems. Data
assimilation methods are also increasingly being applied to other dynamical systems, and the
properties of the usual toy models that make them appropriate for weather applications may no
longer be desirable or relevant for other applications.

In this project we integrate both weak- and strong-constraint 4D-Var algorithms within the Fire-
drake [8] and PETSc [1] frameworks, for both the primal (1) and saddle point (2) problems. Fire-
drake is an automated system for the solution of partial differential equations using the finite
element method. In particular, this means that tangent linear and adjoint operators are available
automatically, significantly reducing the implementational burden of applying variational data as-
similation methods to new models. For the user, the cost of setting up the 4D-Var system is not
substantially higher than the cost of a single run of the forward model M; and application of the
observation operators H;. This implementation is also done in parallel.

In this talk I will present the integration of variational data assimilation problems within Firedrake,
and demonstrate how this ‘plug-and-play’ approach allows users to focus on the numerical linear
algebra aspects of their problem rather than the implementation of test problems. In particular
I will present a theoretical and practical comparison of existing and new preconditioners for the
model term, L, including the block Toeplitz approaches of [6, 11], block diagonal approximations
as studied in [12], and block («)-circulant preconditioners as used in the all-at-once setting (see
e.g [10, 4]).

References

[1] S. Balay, S. Abhyankar, M. F. Adams, S. Benson, J. Brown, P. Brune, K. Buschelman, E.

365



[9]

Constantinescu, L. Dalcin, A. Dener, V. Eijkhout, J. Faibussowitsch, W. D. Gropp, V. Hapla,
T. Isaac, P. Jolivet, D. Karpeev, D. Kaushik, M. G. Knepley, F. Kong, S. Kruger, D. A. May,
L. Curfman Mclnnes, R. Tran Mills, L. Mitchell, T. Munson, J. E. Roman, K. Rupp, P. Sanan,
J. Sarich, B. F. Smith, H. Suh, S. Zampini, H. Zhang, H. Zhang and J. Zhang, PETSc/TAO
Users Manual, Argonne National Laboratory, ANL-21/39 - Revision 3.22, = 10.2172/2205494,
2024.

A. Carrassi, M. Bocquet, Marc, L. Bertino, and G. Evensen. Data assimilation in the geo-
sciences: An overview of methods, issues, and perspectives. Wiley Interdisciplinary Reviews:
Climate Change, 9 (5): €535, 2018.

M. J. Gander, 50 Years of Time Parallel Time Integration Multiple Shooting and Time Domain
Decomposition Methods: MuS-TDD, Heidelberg, May 6-8, 2013. Cham: Springer International
Publishing, 69-113, 2015.

M. J. Gander, and S. L. Wu. Convergence analysis of a periodic-like waveform relaxation method
for initial-value problems via the diagonalization technique. Numerische Mathematik, 143, 489-
527, 2019.

S. Gratton, A. S. Lawless, and N. K. Nichols. Approzimate Gauss-Newton Methods for Nonlinear
Least Squares Problems. SIAM Journal on Optimization, 18(1):106-132, 2007.

M. Fisher and S. Giirol. Parallelization in the time dimension of four- dimensional variational
data assimilation. Quarterly Journal of the Royal Meteorological Society, 143(703):1136-1147,
2017.

M. A. Freitag and D. L. H. Green. A low-rank approach to the solution of weak constraint
variational data assimilation problems. Journal of Computational Physics, 357:263-281, 2018.

D. A. Ham, P. H. J. Kelly, L. Mitchell, C. J. Cotter, R. C. Kirby, K. Sagiyama, N. Bouziani, S.
Vorderwuelbecke, T. J. Gregory, J. Betteridge, D. R. Shapero, R. W. Nixon-Hill, C. J. Ward, P.
E. Farrell, P. D. Brubeck, I. Marsden, T. H. Gibson, M. Homolya, T. Sun, A. T. T. McRae, F.
Luporini, A. Gregory, M. Lange, S. W. Funke, F. Rathgeber, G.-T. Bercea and G. R. Markall.
Firedrake User Manual. First edition, doi:10.25561/104839, 2023.

E. N. Lorenz, Predictability: a problem partly solved, in Seminar on Predictability, 4-8 Septem-
ber 1995, ECMWF, Reading, 1995.

[10] E. McDonald, J. Pestana, and A. J. Wathen. Preconditioning and Iterative Solution of All-

at-Once Systems for Evolutionary Partial Differential Equations. SIAM J. Sci. Comput., 40,
2018.

[11] D. Palitta and J. M. Tabeart. Stein-based preconditioners for weak-constraint 4D-Var. Journal

of Computational Physics, 482:112068, 2023.

[12] J. M. Tabeart and J. W. Pearson. Saddle point preconditioners for weak-constraint 4D-Var.

ETNA - Electronic Transactions on Numerical Analysis, 60:197-220, 2024.

366



Computing Accurate Eigenvalues of Symmetric Matrices
With a Mixed Precision Jacobi Algorithm

Nicholas J. Higham, Francoise Tisseur, Marcus Webb, Zhengbo Zhou

Abstract

Modern hardware increasingly supports not only single and double precisions, but also half and
quadruple precisions. These precisions provide new opportunities to considerably accelerate linear
algebra computations while maintaining numerical stability and accuracy. Efforts on developing
mixed precision algorithms in the numerical linear algebra and high performance computing com-
munities have mainly focussed on linear systems and least squares problems. Eigenvalue problems
are considerably more challenging to solve and have a larger solution space that cannot be computed
in a finite number of steps [5].

There are two classes of algorithms for symmetric eigenproblems: (i) those that work directly on
the matrix, such as the Jacobi algorithm and the QR-based Dynamically Weighted Halley (QDWH-
eig) algorithm and (ii) those that reduce the matrix to tridiagonal form in a finite number of steps
and then employ an iterative scheme to compute all or just part of the eigenvalues and/or the
eigenvectors, such as bisection and inverse iteration (BI), the QR algorithm, and the divide-and-
conquer algorithm (DC). All these algorithms have pros and cons. DC and the method of multiple
relatively robust representations (MR), which is a sophisticated variant of inverse iteration, are
generally much faster than QR and BI on large matrices, with MR performing the fewest floating
point operations but at a lower MFLOPS rate than DC. The latter and QR are the most accurate
algorithms with observed accuracy O(y/nu), where u is the working precision, n the size of the
matrix, and accuracy is measured in terms of scaled residual norms and loss of orthogonality for
the eigenvectors [1]. None of these eigensolvers exploits the low precisions available in modern
hardware.

A key question is how can we exploit access to multiple precisions arithmetic to accelerate symmetric
eigensolvers while maintaining numerical stability and accuracy?

In terms of arithmetic cost, solving a symmetric eigenvalue problem is about 27 times more ex-
pensive than solving a symmetric positive definite linear system. Unlike for linear systems for
which the O(n?) part of the computation can be performed at low precision and the n-dimensional
solution refined at working precision in O(n?) operations, it can be shown that for the eigenvalue
problem, some of the O(n?) operations need to be performed in the working precision if one hopes
to maintain numerical stability and achieve accuracy. So to gain any speedup, these should be
BLAS 3 operations, i.e., highly optimized matrix-matrix multiplies. Modern architectures execute
matrix multiplies of large size n at least 18 faster than symmetric eigensolvers on the same size
matrices. Low precision arithmetic can be used to preprocess or to precondition the eigenproblem
to allow for a faster solution.

In this talk we concentrate on symmetric positive definite matrices A € R™*™ and consider a mixed
precision preconditioned Jacobi algorithm that uses three precisions u;, < u < uy. The precondi-
tioner @ is an approximate eigenvector matrix that is efficiently computed using a combination of
low and working precisions. Zhang and Bai [7] and Zhou [8] suggested to compute an eigenvector
matrix at low precision and then orthogonalize it to working precision so that

1QTQ — Il < pru <1, (1)
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where p; is a low degree polynomial in n. It is essential that the preconditioner @ satisfies (1) to
ensure that the eigenvectors returned by the mixed precision preconditioned Jacobi algorithm are
orthogonal to working precision u. We discuss several alternative efficient ways to construct such
preconditioner and prove it reduces the off-diagonal entries of A to a level determined by the chosen
low precision uy so that the initial slow convergence phase of the Jacobi algorithm can be skipped.

Demmel and Veseli¢ [2] showed that the eigenvalues computed by the Jacobi algorithm with stop-
ping criterion |a;;| < \/a;a;; for all 4, j satisfy

Ni(A) = Ni(A))|
[Ai(A)]

where A\i(A) and X;(A) denote the ith largest exact and computed eigenvalue of A, p(n) is a low

degree polynomial and « is the working precision. Here K‘,g (A) is the scaled condition number of A

defined by

< p(n)urz (A), (2)

K5(A) = ko(DAD), D = diag(a;; "),

where ko(B) = A\ (B)/A(B). For the QR and DC algorithms, the relative error is bounded
by n'/2p(n)ura(A) so when ky(DAD) < ka(A), the Jacobi algorithm can produce much more
accurate approximations to the smaller eigenvalues than QR or DC algorithms.

Malyshev [6] and Drygalla [3, 4] suggest that preconditioning the matrix at a precision uy, higher
than the working precision u improves the accuracy of the spectral decomposition computed by
the preconditioned Jacobi algorithm. However, Malyshev only discuss the backward error and
Drygalla only claims the high accuracy property without proving it. Let us denote by A and
Acomp the product QTAQ computed in exact and floating point arithmetic, respectively. We prove
under mild assumptions that the relative errors in the computed eigenvalues are proportional to
uky (Acomp) and ukj S(A) instead of uk3 (A) which appears in (2). Moreover, we prove that if A is
f-scaled diagonally dominant, i.e., § = |DAD||2 < 1 then the scaled condition numbers K (A) and
/@5 (Acomp) are of order 1. Hence, all the elgenvalues are computed to high relative accuracy. We
remark that any preconditioner @ such that off (A)/min;(ds;) < 1, where off (A) = (D) G a? )1/2,

yields an A that is scaled diagonally dominant. For a preconditioned matrix A that is not scaled
diagonally dominant, we use a result by Demmel and Veseli¢ [2, Prop. 6.2] to argue that if off (4) is

sufficiently small so that we can treat the diagonals of A as its approximate eigenvalues, the scaled

condition numbers x5 (gcomp) and K3 (A) are significantly smaller than K5 (A).

Finally, we present numerical results to support our theoretical analysis.
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Abstract

We present the new MATLAB Support Package for Quantum Computing, which provides utilities to
build, simulate, and visualize quantum circuits. Additionally, it is possible to connect to hardware
providers and run circuits on their quantum computers.

The capabilities of this software package include

o Constructing a circuit from a set of quantum gates, which are applied to specific qubits. In
addition to a set of standard simple gates, more complex gates are available: mcxGate [1];
initGate, unitaryGate, ucrxGate, ucryGate, and ucrzGate [2, 3|.

e Verifying the quantum algorithm by simulating it on the local computer or sending it to a
remote simulator through cloud services.

e Executing the circuit by connecting to quantum computing hardware through cloud services
(specifically, IBM Qiskit Runtime Services and Amazon Web Services). This involves sending
hardware-specific quantum assembly (OpenQASM) code to these services.

o Creating quadratic unconstrained binary optimization (QUBO) problems and solving them
on the local computer using Tabu search [4].

This pa