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Abstract

This thesis is dedicated to computational micromagnetics, where several new numerical meth-
ods are developed. All concepts rely, at some point, on representation of the macroscopic
magnetization on fensor grids. In this context, the data-sparse representation or approximation
via tensor formats serves as a key motivation.

Much attention is paid to the computation of the stray field. A novel method determines the
demagnetizing field on a tensor grid with help of data-sparse tensor format representation of
magnetization components. Kronecker product structure of the demagnetizing field operator is
shown. Also, the Hessian of the discretized total magnetic Gibbs free energy permits a Kro-
necker product form. This allows cheap and efficient evaluation of the energy and computation
of the gradient for tensor structured input. Furthermore, the described method is even acceler-
ated with help of fast Fourier transform.

A detailed overview of micromagnetic energy minimization is given, including a new method
that is a variation of steepest descent. On this basis, energy minimization with structured tensor
magnetization is considered. A sublinearly scaling low-rank algorithm is introduced, which
relies on successive rank-k updates. The approach addresses the computation of equilibrium
states and hysteresis of large ferromagnetic particles on rectangular grids.

In order to address micromagnetic simulations on unstructured finite element meshes, a further

novel demagnetizing field method, based on non-uniform fast Fourier transform, is developed.



Kurzfassung

In dieser Arbeit werden einige neue numerische Methoden fiir mikromagnetische Simulationen
entwickelt. Die vorgestellten Konzepte basieren alle auf der Darstellung der makroskopischen
Magnetisierung auf Tensorgittern. Dabei dient die datenschwache Darstellung oder Approxi-
mation mittels Tensor Formate als Hauptmotiv.

Viel Aufmerksamkeit ist der Berechnung des Streufeldes gewidmet. Eine neuartige Meth-
ode bestimmt das Demagnetisierungsfeld auf Tensorgittern mit datenschwacher Tensor For-
mat Darstellung der Magnetisierungskomponenten. Kronecker Produkt Struktur des Streufel-
doperators und der Hessematrix der totalen magnetischen freien Gibbs Energie wird gezeigt.
Dies erlaubt die billige und effiziente Auswertung der Energie und des Gradienten fiir tensor-
strukturierten Input. Desweiteren wird die beschriebene Methode mit Hilfe von Schneller
Fourier Transformation beschleunigt.

Ein detailierter Uberblick iiber mikromagnetische Energieminimierung wird gegeben, welcher
auch eine neue Variante der Methode des steilsten Abstiegs enthélt. Darauf aufbauend wird
Energieminimierung mit niedrig-rang Magnetisierung betrachtet. Ein sublinear skalierender
Algorithmus wird vorgestellt, welcher auf Rang-k Updates beruht. Der Zugang adressiert
die Berechnung von Gleichgewichtszustinden und Hysterese von groen ferromagnetischen
Teilchen auf Tensorgittern.

Um mikromagnetische Simulationen auf unstrukturierten finite Elemente Gittern zu adressieren,
wird ein weiterer Streufeldalgorithmus vorgestellt, welcher auf nicht-uniformer Schneller Fourier

Transformation beruht.
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Chapter 1
Introduction

Many applications which we use in our everyday life rely on magnetism, for instance electric
motors and generators, hard-disk drives, or wind turbines. The last one is a typical application
of permanent magnets, where the most common consist of rare-earth elements, like samarium-
cobalt or neodymium-iron-boron magnets. Energy application and the quest for rare-earth free
or rare-earth reduced permanent magnets [1, 2] renewed the interest in micromagnetics of per-
manent magnets [3]. The continuum theory of micromagnetism intends to bridge the gap be-
tween the phenomenological Maxwell theory (macroscopic dimensions) of electromagnetism
and quantum theory (atomistic level). It yields reliable models on the micron scale. Due to
the rise of computational power in the last decades, the field of computational micromagnetics
evolved as a powerful tool for solving the non-linear micromagnetic equations [4]. Moreover,
micromagnetics gives good approximations on length scales where magnetic ab-initio calcu-
lations would simply be too fundamental and expensive. Important quantities of permanent
magnets, like the coercive field and remanence, can be determined by calculating hysteresis.
Hysteresis in non-linear ferromagnetic materials results from the path formed by subsequent
local minima. For instance, Kinderlehrer and Ma [5] computed hysteresis loops in ferromag-
nets from the continuation of solutions for decreasing and increasing applied fields. Most
state-of-the-art micromagnetic solvers implement the Landau-Lifshitz Gilbert (LLG) equation
of motion. However, the accessible time scale of LLG simulations is the range of nanoseconds.
This time scale is not always relevant, e.g. the measurement time for hysteresis loops of per-
manent magnets is in the range of seconds. Thus, energy minimization can be applied for such
applications where the extra information due to time evolution is not important.

In this work the focus is on the development and analysis of methods to address the non-linear
and non-convex micromagnetic constrained energy minimization problem on so-called tensor
grids.

In the last few years much research was done on problems and applications where tensors ap-

pear as data or solutions. Some ideas were developed to calculate so-called low-rank solutions



[6]. In this thesis some of the existing ideas and also novel approaches are applied to computa-
tional micromagnetics.

The thesis starts with background information on the theory of micromagnetics in Ch. 2. The
micromagnetic energy minimization problem is addressed in Ch. 3, where it is formulated as
constrained optimization problem in the continuous and the discrete setting. Several algorithms
which address this problem are analyzed. A new variant of the steepest descent method, a semi-
implicit scheme, is also introduced. Moreover, penalty approaches from non-linear program-
ming are applied to micromagnetics, as well as, Newton’s method to the Karush-Kuhn-Tucker
(NKKT) conditions. In order to minimize the energy on large tensor grids, the data-sparse tensor
formats are introduced. A detailed description of tensor formats and approximation of tensors
is given in Ch. 4. Incidentally, a FFT-based method to apply filtering of disturbed multi-way
data is found.

A tensor grid method for computing the stray field for tensor structured input is described and
mathematically analyzed in Ch. 5. Kronecker product structure of the demagnetizing operator
is proven, which later gives rise to a similar structure for the Hessian of a second order dis-
cretization of the total magnetic energy. This structure allows the efficient evaluation for tensor
structured input. Later, the tensor grid stray field method is even accelerated by means of FFT,
cf. Sec. 5.4.

Chapter 6 is dedicated to approximation of magnetization configurations by the so-called Tucker
format with no applied field and during demagnetization. The Tucker format allows adaptive
rank determination by an algorithm based on singular value decomposition, cf. Ch. 4. The
micromagnetic energy minimization problem subject to low-rank tensors is investigated and
analyzed in Ch. 7. An algorithm is introduced, which is based on low-rank updates and mini-
mization within the canonical tensor representation. In principal, this method allows applying
large grids due to the sublinear scaling in the volume size. This is useful for large ferromagnetic
particles which demand a high resolution due to constraints related to the exchange length or
domain wall width.

The final section is dedicated to a novel finite element/boundary element (FEM/BEM) algo-
rithm, which benefits from non-uniform FFT, which is especially adapted to the case of bound-

ary integrals. The method scales quasi optimal in the number of volume and surface elements.
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Chapter 2
Micromagnetic Background

The beginning of micromagnetism was a paper by Landau and Lifshitz in 1935 on the structure
of the wall between two antiparallel domains and the works of W.F. Brown, Jr. in 1940-41, who
also gave the name micromagnetism or micromagnetics [7]. This theory intended to bridge the
gap between the phenomenological Maxwell theory (macroscopic dimensions) of electromag-
netism and quantum theory (atomistic level) [4]. However, the term is somewhat misleading,
because the microscopic details of the atomic structure are ignored, and the material is consid-
ered from a macroscopic point of view by taking it to be continuous [8]. The classical approach
which leads to micromagnetics is to replace the magnetic moments by a classical vector field as
well as the quantum-mechanical exchange interaction (by Heisenberg, Dirac 1928) [8]. There
were several papers by Stoner-Wohlfarth, Néel, Aharoni, Strikman, Treves and Brown in the
1950s, who established micromagnetics as an efficient theory to describe magnetization pro-
cesses and characteristic properties of the hysteresis loop, see [4] and references therein. The
recent developments of numerical micromagnetics allows the solution to the nonlinear micro-
magnetic equations also for non-classical problems, see [9] and references therein.

In micromagnetics a state is fully described if for given temperature, applied field and elastic
stresses the (spontaneous) polarization J(x) = uoM(x) ((spontaneous) magnetization M(x)) is
known, where p is the vacuum permeability. The magnetization can be seen as the (average)
magnetic moment density [10] or magnetic moment per unit volume [11]. Its magnitude is
fixed, i.e. [|[M(x)|| =: M, such that the state is described by the direction cosines m(x), i.e.
M(x) = M,y m(x), where ||m(x)|| = 1. See Sec. 2.2 concerning units.

Magnetization dynamics is not treated in the following work, but static energy minimization.
However, for the sake of completeness it is shortly mentioned here that the equation of motion,
which is also widely used in micromagnetics, is the Landau-Lifshitz-Gilbert (LLG) equation,

1.e.

om=—-ymxH,;;—a'mx(mxH,), 2.1

11



where H, ;¢ is the so-called effective field (cf. Sec. 2.4), ¥’ and o’ can be expressed in terms of
the electron gyromagnetic ratio and the Gilbert damping parameter [4]. The first term on the
right hand side of Eqn. (2.1) is a torque (or precessional) term, whereas the second term causes
damping towards the effective field. In Ch. 3.3 the connection between energy minimization
with steepest descent directions and LL.G without precessional term is discussed.

In the following the components of the magnetic Gibbs free energy are described.

2.1 The Magnetic Gibbs Free Energy

The total magnetic Gibbs free energy is the sum of exchange, anisotropy, stray field and external
energy. Magnetostrictive energy is not considered here, see e.g. [4]. Equilibrium configurations
are local minima of this total energy. The exchange and anisotropy term in the energy have
a quantum mechanical origin and hence, their continuum formulation in micromagnetics is
phenomenological. The magnetostatic terms (stray field and Zeeman energy) have classical

descriptions and are derived from electromagnetism.

2.1.1 Exchange Energy

When the quantum mechanical spin operators are approximated by classical vectors S; = S's;

with ||s;|| = 1 the ’classical’ exchange energy turns out to be
Ev=— Y JyS?sls;==2J82 " X cos<(sis), (2.2)
i,j i jenext-neighbor(i)

i#]

where J;; is the exchange integral, which is assumed to be nonzero only for neighbors (and
therefore denoted as J) [8]. This expression is now taken for the continuous magnetization m

and further approximation is done, i.e.
cos <(m(x;), m(x)) = 1 = [lm(x;) = m(x)I* + O(lm(x;) — m(x "), (2.3)

where cos x = 1—x?/2+0(x*) was used for small angles <(s;, s,) = [|[m(x;)—m(x ;)||+O(||m(x;)—

m(x j)||3). Now the first order expansion in the position x

m(x;) ~ m(x;) + J(x)(x; — x;), 24

12



with the Jacobian J,,(x;) yields
3 2
(i) = mGepIP ~ > (G = %) Im®Pxy) 2.5)
p=1

In analogy to (2.2) this all together gives an expression for the ’(classical) micromagnetic’

exchange energy

3
Ea=8Y +ISY S N (- x) ImP(xy) 2.6)

i jenext-neighbor(i) p=1

where &%/ is the energy of the reference state where the magnetization is uniform. Usually this
term is omitted, which means that the exchange energy is measured with respect to the uniform
state. Also note that constants in energies are not interesting for determining equilibrium.

The continuous expression for the exchange energy of a cubic and isotropic ferromagnetic body

Q) (which is usually taken in micromagnetics) is

3
Ep=A f D IVmP @) dx, 2.7)
Q50

where A is called the exchange constant, which is determined experimentally for different ma-
terials. Eqn. (2.7) can be derived from (2.6) by assuming a cubic lattice with constant lattice
spacings and changing the sum over i in (2.6) into an integral [8].

The energy (2.7) is minimized for uniform magnetization and, in the general case, is lower

when the configuration varies only slowly.

2.1.2 Anisotropy Energy

The crystal structure of a ferromagnetic material causes certain preferred axes (easy axes) for
the magnetization. The easy axes are not directed, hence an expression for the anisotropy
energy has to give the same value for the configurations +m (even function). For uniaxial
(only one easy axis) magnetic materials (e.g. Nd,Fe 4B) a general expression of the anisotropy

energy is given as
Ea,,:le sin@ + Kysin* 0+ ..., (2.8)
Q

where 6 is the angle between m and the easy direction a (unit vector) and the K, K,, ... are

called magnetocrystalline anisotropy constants. In the following only the second order expan-

13



sion

E,, = f Ki(1 —cos?0) = f Ki(1 = (a-m)*) dx, (2.9)
Q

Q

is used.

2.1.3 Zeeman Energy
The energy of a ferromagnetic body in an applied/external field H,,,, also called Zeeman en-

ergy, is given as

Ee = — f J-H,,dx. (2.10)
Q

It is minimized if the magnetization is aligned along the external field. .

2.1.4 Stray Field and Energy

The stray field H, can be derived from the magnetostatic Maxwell equations without current
[10],i.e.
V-(H;+ M) =0

VxH, =0.

(2.11)

Let the magnetization M be defined inside a magnetic body Q. From interface conditions
[10, 11] one recognizes that the normal component of H,; at the boundary of Q has a jump,

whereas the tangential component is continuous, i.e. there holds on the boundary

(H—H}")Y-n=M-n

| 2.12)
(H" — Hi") x n =0,

where n is the outer unit normal. Moreover, the second equation in (2.11) gives rise to a
scalar potential ¢ with H; = —V¢ and therefore (2.11) reduces to a set of equations for ¢,
see Sec. 2.3.1. The solution of this equations has the integral representation (2.23) given in
Sec. 2.3.1. The stray field as a function of the magnetization is linear.

The stray field energy is

Ed(M):—'Lg fg M - H (M) d<. (2.13)

This energy is lower the more the magnetization avoids volume and surface charges, cf. Sec. 2.4
and (2.23).

14



2.2 Reduced Energy and Units

The magnetization is denoted with M = M;m, ||m|| = 1, where M; is the saturation magneti-
zation and m the unit vector of the magnetization. In the following m is often also called mag-
netization where this does not lead to any confusion. In SI-units one has [M] = [M] = A/m.
The magnetic polarization is J = uyoM = uyoM;m = Jym, with Sl-units [J] = [ug]lA/m =
J/(A*m)A/m = J/(Am?) = Tesla, where uo = 1.256637 e-06 Tm/A is the vacuum permeability.
The demagnetizing field (stray field) H, is a linear function of the magnetization M, its units are
A/m. It is convenient for future purpose to define the scaled field hy; = hy(m) = H,(M/M;) =
H,;/M, (dimensionless).

For the description of the total magnetic energy one may introduce the exchange constant A in
units of J/m, and K, the first magnetocrystalline anisotropy constant, in units of J/m?.

Let further Q c R? be an open subset of the three-dimensional space.

The magnetic Gibbs free energy is the sum of exchange-, demagnetizing-, (uniaxial/first order)

anisotropy- and external energy, given by

Emt(m) = Eex(m) + Ed(m) + Ean(m) + Eext(m)

: { (2.14)
) fQA [Z ||Vm(”)||2) =30 HM) + Ki(1 = (@ m)®) = J - Hoyy 9,

p=1

where a is the unit vector parallel to the easy axis and H,,, the external field in units of A/m.
Clearly, one has [E;,] = J. For future purpose it is convenient to define the scaled energy

eio/(m) = E,,(m)/(uoM?), which then has units of a volume, i.e. [e,,] = m?,

/10M2 IJOM?

N

A [Sio e ! K a1
C1o(m) = 2 Vm P = 3m - hatm) + —(1 ~ @ m)?) ~ ——m - He, Q.
Q p=1 s
(2.15)

One therefore defines the reduced units [12] with help of the energy density K, := uoM? =
J? /1o (units of J/m?):

0:=K,/K,, A:=A/K,, (2.16)

where lengths are usually given in units of the exchange length I, = \2A/K,, = V24, e. g. ifa
cubic particle has the length L then the reduced length A = L/l.x (dimensionless) is introduced.
Below the exchange length twisting of the magnetization is energetically unfavorable, which
imposes a constraint on the mesh size, i.e. discretization of the domain Q should be finer than

this critical length [13]. Usually for Q > 1/2 the magnetic material is called hard magnetic,

15



whereas for Q < 1/2 one calls it soft magnetic. In the hard magnetic case the so-called domain
wall width or wall width parameter VA/K, = VA/(K,,Q) < ., plays the important role and
calls for an even finer discretization [14].

For the purpose of converting reduced units to SI units one has to choose M, or J; to calculate
K.

The scaled energy from Eqn. (2.15) has the dimensionless form

€rot I~
= —— = — A n ext | 217
wt |Q| |Q|( eex+ed+Qea +e t) ( )
with
3 , 3
Cor(m) = f Do vm®P| = - f > mPAm®P, (2.18)
Q45 o
1
es(m) = — —fm'hd(m), (2.19)
2 Ja
ean(m) := f(l —(a-m)®), (2.20)
Q
eext(m) == fm : hexta (221)
Q

where h,,, = H,,/M;. The equality in (2.18) (cf. [13]) comes from the vector identity
VP[] = V-(mPVm)—mP Am together with the fact that [lm]| = 1 implies 3;3_, m®Vm®) =
0.

In the special case of a cube with side-length L, i.e. |Q = L?, the constant in the exchange
energy can be expressed via the relation L = Alx = 4 \/ﬁ Nevertheless, from a numerical
point of view, grid spacings used in finite differences for the exchange energy discretization
should have orders of magnitudes near 1, instead of le-9 (nanometers). Thus, it is better to
scale the domain, e.g. lengths could be measured as fractions of 1. In the case of a cube one
would have the relation 1 = A/

ex?

in front of e is given as A = (,,)?/2 = 1/(24%), whereas Q is scaled to the unit cube.

with [ = l.«/L (dimensionless). In this case, the coeflicient

2.3 Stray Field Computation

Portions of this section were previously submitted for publication as [15] and have been repro-
duced here with permission of the co-authors. Content which was not generated by the author

of this thesis is explicitly denoted.
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2.3.1 Problem Formulation

The micromagnetic demagnetizing or stray field is given as h; = —V¢, where the scalar poten-
tial ¢ for a given magnetization m € (C'(Q))’ N (C°(Q))’ !, Q c R? bounded and open, fulfills
the interface problem [7, 9—11] (also compare with Sec. 2.1.4)

-Ap =-V-m in Q,
—Ap =0 inQ,
[¢] =0 on JQ, (2.22)
[6—¢] =—-m-n on 0Q,
on

¢(x) = O(g) as [Ix]| — oo,

[l

where [f] := f¢' — f™ stands for the jump of a function f at the boundary. The asymptotic
decay (regularity at infinity) is stated for the sake of solvability and uniqueness of the solution
[8, 11]. The classical solution of (2.22) has to be determined in whole space and is at least two
times continuously differentiable in Q and the exterior region Q.

For a so-called weak solution we further assume that Q is a Lipschitz domain with polyhedral
boundary dQ2. One reformulates the set of equations (2.22), [16]:

@)
is the solution to (2.22), where —A¢™ = -V - m in Q and —A¢** = 0 in Q' holds in a varia-

tional sense.

For given m € (H'(Q))’ the micromagnetic scalar potential ¢ = (¢™, $**") € H'(Q) x H!

Hereby, H'(Q) denotes the usual Sobolev space, i.e. H'(Q) := {u € L*(Q) | weak derivatives d,u €
L*(Q), g = x,y,z} and Hllac(ﬁc) ={ue H(C)|Cc Q' compact}. The jump [.] is determined
by taking the corresponding trace operators. Within this setting the existence of a unique so-
lution to (2.22) has been proved. For details the reader is referred to [16, 17] and references

therein.

An integral representation of the scalar potential is given by [9, 10]

¢(x):_i(fV-m<y)d ([ m) - ny)
4\ Jo I =yl s Il =yl

do (). (2.23)

The expressions V- m and m - n are also called volume and surface charge density, respectively.

"Here C4(Q) is the space of ¢ times continuously differentiable functions defined on €, Q means closure of Q
and (.)¢ stands for complement.
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2.3.2 Overview of Existing Methods

In order to compare micromagnetic methods in terms of storage and complexity it is important
to mention the possibility to precompute certain quantities that do not depend on the magneti-
zation m, e.g. only rely on the geometry of the problem, see for instance [18], where several
methods were compared. Thus, in asymptotic operation counts, one neglects the effort for com-

puting these steps and, instead, often refers to as precomputation or setup phase.

Several methods address the approximation of the solution to the set of equations (2.22) that
define the scalar potential. Integral methods with a regular discretization of the domain Q aim
to directly compute the integral representation (2.23) of the solution inside the magnetic body
Q. A widely used method aims to calculate the stray field inside the magnetic region by using
the (cell-averaged) gradient of (2.23), also referred to as demagnetizing tensor method [13, 19].
Discretization on an equispaced grid built of rectangular computational cells allows applying
fast Fourier transform (FFT) techniques, making this methods quasi-optimal, i.e. the costs are
O(N log N) for N grid points [9, 18, 19].

Also the fast multipole method and combination with FFT has been applied to compute the
magnetostatic field and energy [20-22], as well as a nonuniform grid (NG) algorithm [23].

Within the framework of integral approaches also tensor grid methods were developed, which
make further assumptions on the representation of the magnetization field by tensor formats,

but then can even gain sub-linear complexity [24—26]. Chapter 5 is dedicated to this topic.

A method that uses non-uniform FFT from [27] on the quadrature approximation of the integral
representation (2.23) discretized on unstructured 2-dimensional FE grids has been reported in
[28]. To the authors knowledge, this method would scale O(Q + N + n? logn) in the general
case of d dimensions for Q = gL quadrature points in total, where g quadrature points are
used for each of the L computational domains (tetrahedrons for volume and triangles for sur-
face integrals), N mesh-nodes and an auxiliary parameter n, which comes from the FFT. This
auxiliary parameter is of the same order as in the BEM-NFFT method in section 8.5, which
basically leads to the same complexity for a prescribed accuracy but requires only a pre-factor
g = 1. This is achieved by the usage of integrated window functions, hence, performing the
integration in a setup phase.

Moreover, shell transformation techniques on a finite element mesh containing €2 were applied
to address unbounded problems like (2.22), [29]. The discrete formulation of (2.22) translates
to only one sparse linear system, which, however, tends to be very ill-conditioned due to the
transformation. Algebraic multigrid preconditioners were successfully applied to address this
issue [18].

On the other hand, the well-known hybrid FEM-BEM coupling by the ansatz of Fredkin and
Koehler [30] aims to solve (2.22) by the splitting ¢ = ¢; + ¢, where ¢; is determined by
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a Poisson equation with Neumann boundary conditions and ¢, by a Laplace equation where
the Dirichlet data are computed by the values of ¢, through a boundary integral representa-
tion of the potential ¢,. Hereby, the calculation of the boundary values of ¢, leads to a dense
matrix-vector product which scales O(le) for N, boundary nodes. Compression techniques

were introduced to reduce this complexity and storage requirements [31].

In chapter 8 a first order polynomial (P1) finite element method is presented that solves (2.22)
by the ansatz of Garcia-Cervera and Roma [32], where a fast evaluation technique for the

single layer potential is developed [15].

2.4 Brown’s Equilibrium Equations

The condition of zero first variation (see Sec. 3.1 for a definition) of the total energy (2.15) sub-
ject to the unit norm constraint leads to necessary conditions for a magnetization configuration

in equilibrium [7]. These conditions are

theff =0 in Q

(2.24)
mxo,m =0 on 0€,
where
6em, - 66(4}11’
h,rri=— =2AAm+hy;+h,, — —, 2.25
ff Sm m d t om ( )

is the (reduced) effective field. The second equation in (2.24) implies Neumann conditions
d,m = 0 due to the unit norm constraint.
The next chapter is dedicated to the numerical aspects of finding equilibrium magnetization

configurations.
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Chapter 3
Methods for Energy Minimization

Portions of this chapter were previously submitted for publication as [33 ] and have been repro-
duced here with permission of the co-authors. Content which was not generated by the author

of this thesis is explicitly denoted.

Probably one of the first numerical methods for the purpose of minimizing the total Gibbs free
energy was introduced by LaBonte [34]. This method was supposed to solve Brown’s equilib-
rium equation, i.e. h.rr X m = 0, by a finite difference scheme for the Gibbs free energy of
a Bloch-wall in a ferromagnetic film. For that reason, in each step of an iterative procedure
the normalized effective field defines the new magnetization. This corresponds to a steepest
descent step with certain step length, cf. section 3.3. Kosavisutte and Hayashi [35] showed
that, in analogy with the SOR (Successive Over-Relaxation) method, LaBonte’s method can be
accelerated.

Cohen and co-workers [36] introduced a projected non-linear conjugate gradient method for
the computation of molecular orientation of liquid crystals. The orientation vectors in liquid
crystals have a fixed lengths similar to the magnetization in ferromagnets. In micromagnetics
a similarly conjugate gradient method has been applied, [37, 38]. Further, Alouges and co-
workers [39] computed equilibrium configurations and switching fields of small ferromagnetic

particles.
In the following the micromagnetic energy minimization problem is defined and the Karush-

Kuhn-Tucker (KKT) conditions are derived. In the remaining chapters several numerical meth-

ods for calculating local solutions are introduced.
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3.1 Problem Formulation in the Continuous Setting

Brown’s equilibrium equation is equivalent to the problem of finding a magnetization configu-
ration m in such a way that the variational derivative of /& := i, o g with g : m +— m/ ||m|| (the
map onto the unit sphere) is zero:

The variational (or functional) derivative of & is given as

o) _qT i
S—h(m) = J{(m)——y(g(m)) (3.1)

P o)
= —y(m) — (m -y (m))m,

where J,(m) is the Jacobian of g at m.
Remember that the variational (or functional) derivative of a functional /4, denoted by %h(m),
is defined by

h(m + € 6m) — h(m)
- s

oh(m)(6m) = féimh(m) om := ll_r)r(} (3.2)
where the first equality holds in terms of distributions. The differential 6h(m)(dm) is also
denoted as first variation of h. If the functional 4 is defined on a Banach space, then the
definition of the variational derivative coincides with that of a Fréchet derivative. In most
micromagnetic settings the magnetization is either assumed to be smooth up to e.g. second
derivatives or element of a Sobolev space. Hence, in those cases one would deal with Fréchet
derivatives of functionals defined on Banach or even Hilbert spaces.

For normalized m Eqn. (3.1) corresponds to the orthogonal projection of %w,(m) onto the
orthogonal complement of m, as can be easily seen by multiplication with m. Incidentally, a

generalization to non-normalized m would therefore be

m- 5%,'//1(’")”1

e (3.3)

0
Sl - Im

Now, Brown’s equilibrium equation ks X m = 0, cf. Sec. 2.4, means that an equilibrium state

m is parallel to the effective field, i.e.
0
——Y, = Am, (3.4)
om

where multiplying with m and the constraint ||m|| = 1 gives for the multiplier A = -6y, /6m - m
and hence

0

)
—5—m¢/, - (—6—mwt -m)m = 0. (3.5)
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Comparing Eqn. (3.5) with (3.1) yields

ih(m) =0. 3.6)
om

Thus, configurations m which fulfill A,y X m = 0 and ||m|| = 1 are critical points of 4 and vice
versa.

Since the micromagnetic energy minimization problem
miny,(m) subjectto |m| =1, 3.7)
has the unconstrained form

min a(w) = (¢, 0 g)(W), (3-8)

the necessary first order optimality condition for normalized magnetization m := g(w) is given

by Eqn. (3.6), where in the following the quantity

0 0 ) 0
() = () = (1 () ) = m X (=1 X i (m)), (3.9)
is denoted as projected variational derivative of the energy, where Lagrange’s formula
ax(bxc)=(@-c)b—-(a-b)c, (3.10)

was used.

3.2 Problem Formulation in the Discrete Setting

Consider now a discrete setting, i.e. a discretized version of the total magnetic Gibbs free
energy, which we denote with capital letter, i.e. ¥, shall be a discrete realization of ¥, cf.
(2.17). If not explicitly denoted as tensor, the magnetization is assumed as discrete (mesh)
vector m = (mO",m®", m®"T € R where m? € R¥! p = 1,2,3 are the vectors of
x,y and z components with N degrees of freedom. For instance, imagine a Cartesian grid with
N = nynyn; nodes and magnetization defined on the centers of a computational cell, compare
with section 5.1.4. Alternatively, the reader can also think of a finite element discretization
where the degree of freedom N depends on the order of elements and the mesh size. For P1

(first order) N is equal to the number of nodes in the FE mesh.
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The problem of discussion is
min W,(m) subjectto |jm[; := (VY + PP + PP =1, j=1..N @11
meR3N J J J

where the (discretized) total energy ¥, consists of stray field, exchange, anisotropy and external
energy. Note that in general only local solutions to (3.11) can be derived numerically, which is,
however, enough for fulfilling Brown’s equilibrium condition, cf. Sec. 3.1.

In the following the index in ||.||, is omitted. By the definition

a;:=(d),d?,d), (3.12)

for a (mesh) vector a = (a'V,a®,a™®)” € R?¥¥!, the quantity V;¥,(m) € R3V*! with entries

(Vo (m)) = (VWi(m)) = (m; - (V¥i(m),)m; = m;x (= m;x (V¥i(m);),  (3.13)

J J

for ||m j|| = 1 (feasible), is the discrete analogue of the projected first variation of the energy
(3.9), and can therefore be denoted as projected gradient of the (discretized) energy. The dis-

crete version of the equilibrium condition (3.6) is therefore
VnW:(m) = 0 for m feasible. (3.14)

Also note that Eqn. (3.14) follows from the Lagrange multiplier theorem applied to problem
(3.11): By defining the Lagrangian function

L(m; Q) := ¥, (m) — 2 c(m), (3.15)

with the multiplier vector A € R¥! and ¢(m) € RV with ¢;(m) = %((mj.“)2 - (m.(l.z))2 + (m‘(/.3))2 —
1), the first order (KKT) conditions

VauL(m; ) =0,
VaL(m;2) =0,

(3.16)

yield 4; = mJT(V‘Pt(m)) j» which again substituted into the first equation in (3.16) gives the
condition (3.14). The Karush-Kuhn-Tucker (KKT) conditions for problem (3.11) are therefore
given by Eqn. (3.14), namely the configuration has to be feasible and the projected gradient at

this configuration has to be zero.
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3.2.1 Discretization of the Energy and Gradients

In this section and for the most part in this thesis the domain € is cubic and discretized on a
Cartesian grid with N = n® nodes (more general N = ]_[;’,:l n,) and the magnetization supposed
to be defined on the centers of a computational cell, also compare with section 5.1.4.

The exchange energy part is (cf. section 2.2)

3
oy = — f Zm(”)Am(”). (3.17)

In this thesis the second derivatives in (3.17) are discretized by symmetric finite differences,

1.e.
1
f(x) = ﬁ(f(x— h) = 2f(x) + f(x + h)) + O(h?), (3.18)

for f € C*[x — h, x + h] and Neumann boundary conditions are considered, i.e.

1
f7 () = 72 G+ 1) = f(x)) + Oh) (3.19)

for a node x; at the boundary. Together with midpoint integration for the integral in (3.17), this
yields a second order approximation on regular Cartesian grids to the exchange energy term
[40].

Since for the tensor grid methods (except the stray field method introduced in chapter 8) the
magnetization and the stray field (cf. chapter 5) are assumed to be constant in each cell (or are
defined in the centers of computational cells, respectively), midpoint integration of this terms
also yields second order approximations. In this context a term like the stray field energy gets a
sum of inner products of mesh vectors or tensors (cf. with the previous section and Eqn. (5.28)

in chapter 5)

1 3
~ — E PN P 3.20
¢ 2n1nyn;3 p:1(m ) ’ ( )

and similar for external and uniaxial anisotropy energies.

The gradients of the discretized energies can be derived by standard calculus. Depending on
the underlying discretization scheme (rectangular grid with midpoint integration with/without
tensor quantities used; finite elements cf. section 8.8, etc.) also compact (tensor) matrix ex-
pressions can be derived. Alternatively, the continuous (integral) form of an energy can be

investigated in terms of variational derivatives. For example, the reciprocity theorem gives for
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the first variation of the demagnetizing energy [7]

oeq(m)(om) = —% fhd(m) -om+ hy(6m)-m = — fhd(m) -om. (3.21)

For a certain discretization the first variation becomes an expression of the total differential of
the discretized energy. E.g. in the case of cell-wise constant magnetization m; and stray field

(hg); one gets

deg = Y =IQ)l (hy); - dm;, (3.22)

J

where Q; is the j—th discretization cell. Hence, in this case, the gradient of the demagnetizing

R3NX1

energy Ve,(m) € is simply given as

0
(Veam), = == = ~I| (hy); (3.23)
J

The same result can be derived from Eqn. (3.20) if the discrete stray field is assumed to be

calculated from a symmetric linear operator H (e.g. the demagnetizing tensor [13]), i.e. by =

Hm.

3.3 Steepest Descent Method and Variations

Assume the non-linear optimization problem (3.11).
By the definition

(H(m)); := —m; x (V¥,(m)) , (3.24)

a steepest descent method would calculate a new iteration m**! from a given normalized ap-

proximation m" by

n+l _ n n n L
m;" = m -7, m;x (H(m )jpi=1...N (3.25)

for a certain step size 7,,.
Note, that the steepest descent scheme (3.25) can be seen as the explicit Euler rule for the flow

equation

oim = —m X (m X h,sr(m)), (3.26)
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which is, up to constants, the Landau-Lifshitz equation (2.1) with only damping, since the

(discretized) effective field is proportional to VW,(m).

n+1

The new approximation m’;"" in (3.25) is not normalized to 1. Therefore, one can introduce a

renormalization step, i.e.

_
J1+72 Ain
where ||m’;“|| = J1+72 Ain, A, = ||(H(m"))]|| was used. This is equivalent to (7, :=

T,/ 1+ 72A2)

@) = \[1 =T2A3 m —T, m x (H(m")),, j=1...N. (3.28)

For determining the step 7, or 7, one could approximately solve either the one-dimensional

m'(r,) = (] — 7, m x (H(m"),), j=1...N, (3.27)

problem
: n+1
min ¥, (" (z,). (3.29)
or
_min (w7 &), (3.30)
7,€[0,1/A;,]

by inexact line search, see e.g. [41] or by the so-called Barzilai-Borwein (BB) rule [42].
Nevertheless, steepest descent performs very poor in practice. Therefore, two alternatives are
introduced in the following, which can be viewed as significant improvements over steepest

descent.

LaBonte’s original method replaced the magnetization by the normalized gradient, i.e. for the

new iterate holds
(V¥,(m"), x m}*' =0, j=1...N. (3.31)

-1
Locally (fixed j) this is a steepest descent step with step length 7 = —((m?)T(V‘I’,(m”)) j) (if

m'; and (V¥,(m")); not perpendicular), as can be recalculated for m;?“ = mj—Ttm} x (H(m")),.
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3.3.1 A Semi-Implicit Scheme

Replace the steepest descent direction by

"oy rg+1

m.
- 5 — X (H(m")),, (3.32)
which yields the iteration scheme
m' + m'*t!
m (1) = m} - T% X (H(m"),j=1...N. (3.33)

This update scheme preserves the length of the iterates, i.e. ||m;FJrl || =

||m’j1 , which can be easily
checked by multiplying Eqn. (3.33) by m; + m;?”. An advantage is the fact that the new state
m’}.“ can be computed by explicit formulas [43], so no system of equations has to be solved

each step, i.e.

d =4u + 4tbw — 41cv — T2b%u + T°dPu — T tu + 272 abv + 27 acw,

e =4v + drcu — draw + T°b*v — T2d%v — T2ty + 2t cbw + 272 abu,

) 5 (3.34)

f =4w + 4tav — 4tbu — 2w — T2d®w + 2w + 27%bev + 27%acu,

m!*(v) = (d, e, ) IN;

where the abbreviations (H(m")); = (a,b,c)" and m = (u, v, w)l are used and N := 4 + %(a® +
b + ).

The update scheme (3.33) can be seen as an implicit integration rule for the flow equation
(3.26). In [33] this method was compared to a state-of-the-art adaptive time integration scheme
for (3.26), where for a hard magnetic sample the scheme based on (3.33) outperformed the time
integrator.

The first step size 7 is calculated by an inexact line search and all subsequent steps 7, by the
so-called Barzilai-Borwein (BB) rule [42]:

Define
g" :=Vh(m") = m" X (—m" x V¥, (m"))

s i=mt - mt! (3.35)

yn—l = gn _ gn—l.
The step size 7, is determined such that D" := 7;'[ is an approximation of the Hessian of A at
m", i.e. the secant equation D"s"~' = y"~! holds. By multiplying this equation with (s*~")” and
(¥ one finds the two possible solutions

| (Sn—l)Tsn—l ) (sn—l)Tyn—l (3 36)

Tn = (Sn—l)Tyn—l ’ Tn = (yn—l)Tyn—l '
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Indeed, in one dimension the condition D"s"~! = y"~! yields the ’secant approximation’ to the
second derivative, i.e. 1/7, = (b — h_,)/(my — my_) = h)/.

One possibility is to alternately switch between 7} and 72. However, in the algorithm presented
in Alg. 2 the more elaborate strategy proposed for step selection in gradient projection methods
[44] is used, see Alg. 1. In the numerical tests 7,,,, = le+6 and 7,,, ~ stopping tolerance was
used.

Note that the BB rule yields a non-monotonic method, thus, as globalization strategy, an inexact
line search (simple backtracking) [41] is used if the new computed energy is still larger than the
maximum of the previous (e.g.) 20 energies. Alg. 2 summarizes the method where a p—norm is
used for the stopping criteria, e.g. p = oo for maximum norm, or p = 2 for /’>-norm (Euclidean

norm)

Algorithm 1 Barzilai-Borwein switch; BBswi tch (T,min, Timaxs Ths T2, @)

n’>‘"n’

Require: 7,,,, Tyax > 0, 7,11, T,21, a €[0,1]
Ensure: 7,«a

1: if 7} < 0 then > (5" DTyl <0
2: T < Thuax

3: else

4: Ty  max (T, MIN(T}, Tprar))

5: 7o(n mod 2) « max(,,, min (72, Tpay))
6: if 7,/7, < a then

7: T ¢ MINnT,

8: a «— 0.9a

9: else
10: T T
11: a« l.la
12: end if
13: end if

3.3.2 Limited Memory Quasi Newton Scheme

Limited memory quasi Newton methods are efficient methods for unconstrained numerical op-
timization. The Hessian of the objective function is approximated using the vectors (3.35) from
a few previous iterations, i.e. the Hessian is approximated by low rank updates (dyadic prod-
ucts), see [41] for a detailed description and analysis of limited memory quasi Newton methods.

This yields in the n-th iteration the quasi Newton step

p'=-0,g" (3.37)

where Q, is the approximate Hessian and g" the gradient of the objective at the current iterate

m". The limited memory variant of the BFGS formulas (IBFGS) allow the direct calculation of
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Algorithm 2 Semi-implicit steepest descent scheme; Semi ImplSD(m°,tol)
Require: m® € R* tol> 0
Ensure: m € R*V
1: m « Calculate steepest descent step from initial state m° with (inexact) line search ensur-
ing (at least) (3.39)
2: Setn «— 1, « 0.5
3. while |[Vy¥,(m)||, > tol do

4: if ¥,(m") < e, then > €. Maximum value of energy of last (e.g.) 20 iterations
1

5: 7!, 72 « calculate BB steps from (3.36)

6: T, < BBswitch(T,in, Tmaxs T,11, T,21, )

7: m «— m(7) calculated using formulas (3.34)

8: else

0: T « arg min, W;(m(7)) calculated by (inexact) line search ensuring (at least) (3.39)
10: m «— m(7)
11: end if
12 n—n+1

13: end while

the quasi-Newton direction p” by a 2—loop recursion without inversion of Q, [41]. In their lim-
ited memory variants they have about the same computational costs as well as storage demands
as the steepest descent method of the previous section. In addition, quasi Newton methods also
carry information of the curvature of the problem.

The problem which is suited for IBFGS is the unconstrained version of problem (3.11)
min A(m), (3.38)

with the gradient (3.13) if the m; are normalized. As a step length selection, Alg. 3 uses simple

backtracking (like in Alg. 2), which ensures the sufficient decrease condition, i.e.
h(m" + tp") < h(m") + ¢, 7V (h(m") p", (3.39)

with ¢; = le-4 and 7¢ = 1 is tried first. A more elaborate line search strategy would also try to

ensure a curvature condition, but this is not considered here, see [41] for more information.

3.3.3 Comparison

A good starting point for comparison of the performance of the two methods Alg. 2 and Alg. 3
is the calculation of a flower state in a soft ferromagnetic cube near the single domain limit, i.e.
L ~ 8l,,. More precise the parameters 4 = 8.4515 and Q = 0.05 are chosen. Both methods
measure the maximum norm of the projected gradient. Table 3.1 shows the number of itera-

tions and function evaluations (energy and gradient are evaluated simultaneously) for different
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Algorithm 3 Limited memory Quasi Newton; 1BFGS(m°, tol)
Require: m® € R* tol> 0
Ensure: m € R*V
1: m « Calculate steepest descent step from initial state m° with (inexact) line search ensur-
ing (at least) (3.39)
2: Setn « 1
3. while |[Vy¥,(m)||, > tol do
p" < IBFGS quasi Newton direction from 2-loop recursion [41] using limited memory
parameter M.
T « arg min, h(m + 7p") calculated by (inexact) line search ensuring (at least) (3.39)
m— m+tp"
m; — m;/ ||m;]
ne—n+1l
end while

»

eI

Table 3.1: The number of iterations and function evaluations (energy and gradient are evaluated
simultaneously) for different mesh-sizes (N = n*) and tolerance tol= le-7 of Alg. 2 and Alg. 3
for cube with 4 = 8.4515 and Q = 0.05. Initial state is always uniform magnetization in
z-direction. M denotes the limited memory parameter in Alg. 3.

Alg. evaluations iterations
n =730 SemiImplSD 87 81
1BFGS (M = 16) 42 41
1BFGS (M = 8) 42 41
n=>50 SemiImplSD 182 167
1BFGS (M = 16) 59 58
1BFGS (M = 8) 68 66

mesh-sizes and tolerance le-7. Initial state is always uniform magnetization in z-direction.

The limited memory Quasi Newton solver outperforms the (semi-implicit) steepest descent
solver in this test, especially for larger grids. Increasing the number of dyadic products in
the low-rank approximation of the Hessian (i.e. limited memory parameter) improves the per-
formance in terms of needed iterations and function evaluations. Nevertheless, the storage
requirements increase linearly with M. The second test is the calculation of a demagnetizing
curve of a 70nm Nd,Fe 4B cube. The material parameters are chosen as following: uniaxial
anisotropy axis in z-direction, J; = 1.61T, K| = 4.3e+6 J/m? and A = 7.3e-12J/m. The mesh
size is n = 50, which yields a grid spacing of about the wall width parameter. The field is
applied parallel to the (1,0, 1)—axis and is decreased by steps of Ak = Se-3 from 1 to —2, when
the relative /*-norm (||.||, /(3N)) of the projected gradient is smaller than le-11. The previous
final (relaxed) magnetization state is taken as the new initial state; the first initial state is paral-

lel to the field axis. Hence, the test involves 601 subsequent minimization problems. Tab. 3.2
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Figure 3.1: Demagnetizing curve of 70nm Nd,Fe 4B cube, i.e. projection of magnetization onto
field axis (1,0, 1)" (|m|) as function of external field 4. Uniaxial anisotropy axis is (0,0, 1)7,
Ah = 0.005, opt-tol (rel. I?) = le-11.

Table 3.2: The number of function evaluations (energy and gradient are evaluated simultane-
ously) of Alg. 2 and Alg. 3 for calculation of the demagnetizing curve in Fig. 3.1.

Alg. evaluations

SemiImplSD 6162
1BFGS (M = 8) 3555

shows the number of function evaluations of the two algorithms for the whole simulation.

3.4 Miscellaneous Approaches for Micromagnetic Energy Min-
imization

The variations of the steepest descent method, introduced in the previous section, represent fast
and storage-friendly numerical methods for standard spacial discretizations of the total energy
(finite differences, finite elements). However, within the scope of this work, particular ten-
sor structured magnetization configurations will be considered. In this case, the generalization
of Alg. 2 and 3 demands for truncation of certain tensor representations whose storage re-
quirements would increase significantly otherwise. However, these generalizations of standard
algorithms via so-called approximate tensor arithmetics turns out to yield serious limitations
in practice due to possible rapid storage (and computational) demands, cf. Ch. 6 and 7. Alter-
natively, the micromagnetic energy minimization problem subject to structured tensors can be

formulated in a penalty framework, which incorporates the constraint into the problem formu-
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lation, cf. Sec. 7.4. In the following such inexact methods are formulated for micromagnetics.
The chapter starts with penalty methods and then describes Newton’s method on the KKT con-
ditions. Alouge’s method for energy minimization [39] can be considered as a special case of

the latter one.

3.4.1 Penalty Methods

The quadratic (2-) penalty function for problem (3.11) is

N
Qu(m) :=¥i(m) + £ 3" (1l = 1) = ¥i(m) + 5 lleGm)lP (3.40)
J=1 =:cj(m)

where u > 0 is the penalty parameter. In general, a penalty term [squared norm term in (3.40)]
is a function of the constraints that is greater than zero iff the constraints are not fulfilled and
therefore "penalizes’ this violation. Penalty methods are in the class of so-called infeasible,
inexact or exterior methods because iterates do not fulfill the constraints. Instead, the aim is
to approach an optimal solution for the constrained problem from the infeasible region. A
general penalty method framework, cf. [41], is summarized in Alg. 4. The penalty parameter
has to tend to infinity. A practical strategy is to leave y unchanged if the previous minimization
caused a sufficient decrease of the constraint violation, and increase it otherwise. Hence, in
the description of Alg. 4 the scaling factor M, is assumed to be determined accordingly on
run time, e.g. M, = 1 or 5. The final termination condition in Alg. 4 has do be safeguarded
by e.g. a maximum allowed iteration number or some condition that checks if the iteration is
converging to a stationary point of lle()II%, see the remark after Th. 1 for a short discussion in

the case of the unit-norm constraint. The reason is the following theorem:

Algorithm 4 Quadratic penalty method; gPM(m°, tol,u, 7, — 0)

Require: m® € R*N,tol> 0, uy > 0,7, — 0 (nonnegative)
Ensure: m € R*Y
1:me—m’, gy, ne0
2: while ||VmQﬂ(m)|p > tol do
3: Find approximate solution x to the sub-problem min Q,(.) starting at m and ensure
[Vn Q)| < 7

4 He—M,u(M, = 1)
5: m—Xx

6 ne—n+1

7: end while

Theorem 1 ([41] Th.17.2). Let u — oo and 1, — 0 in Alg. 4. Then for a limit point m* holds:

o [fm" is infeasible (constraint is violated), it is a stationary point of lle I
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o [f m" is feasible , then m" is a KKT point for problem (3.11), i.e. (3.16) holds.

Remark 1. In the original theorem from [41] in the feasible case of m* the additional condition
that D(m*) := [Ve(m"), ..., Vey(m®)] has full rank has to be satisfied.

Since for the micromagnetic side constraints holds

m
D(m) = e RPN, (3.41)
my
the required condition is fulfilled automatically whenever m is non-degenerate (particularly the
case if m is feasible).

On the other hand, if m* in Th. 1 is infeasible (c(m;) # 0) it follows that ¢(m”) € ker(D(m")),

ie.
D(m*)c(m) = 0. (3.42)
This is equivalent to the '’complementarity’ condition
cjm)m; =0 forall j=1...N. (3.43)
Hence, the first case in Th. 1 can be identified by checking the condition (3.43), e.g. if |||m i - 1|

is greater some tolerance tol, := 1 —¢& > 0 check ifllmjll2 <eé. O

An inherent problem of the quadratic penalty method is the ill-conditioning in the Hessian

V2.0, as u increases: The Hessian is given as

N
V2 nQu(m) = VY, + Z pc(m)Vie(m) + uD(m)D(m)" . (3.44)

J=1

From Th.17.2 in [41] (feasible case) one gets near the minimizer
VounQu(m) = Vo, L) + uD(m)D(m)" (3.45)

which is a sum of a part that is independent of u (the first one of (3.45) which contains
the Hessian of the Lagrangian function £) and a rank N matrix whose nonzero eigenval-
ues are of order u. Hence, the Hessian of the penalty function has some eigenvalues ap-
proaching a constant, while others are of order u. Since u — oo, the condition number
K(VﬁmQﬂ(m)) = |Apax/Aminl — 0. Nevertheless, there exists a well-conditioned reformula-
tion of the linear system which determines a Newton step in the unconstrained subproblems of
Alg. 4, [41].
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Moreover, so-called exact penalty methods do not require the penalty parameter to approach in-
finity due to the fact that there exists a finite value y* for which the local minima of the penalty
functions with u > u* coincide with the solution (KKT point) of the constrained problem [41].
Such penalty functions use for instance the /'-norm, *-norm (not squared) or [*-norm, which
are non-smooth functions.

Another penalty-like method is the augmented Lagrangian method, which consists of uncon-

strained subproblems for the augmented Lagrangian function
La(m, A, ) := Qy(m) — A" c(m), (3.46)

where the penalty parameter u and the vector A are fixed. Near the solution one gets 4* ~
A — uc(m), which gives rise to the updating scheme in the n-th iteration: A= - We(m™).
Conditions for convergence of the augmented Lagrangian method [41] do not require u to
approach infinity, which makes ill-conditioning of this method less a problem than for the
quadratic penalty method.

The 2-penalty method (as well as the augmented Lagrangian method) needs several hundred
function evaluations for the flower state example of Sec. 3.3.3 and can be considered to be
inferior to the previous introduced methods. Nevertheless, the [>-penalty method represents a
suitable way to treat the point-wise unit norm constraints when dealing with structured tensors

as magnetization, Ch. 7.

3.4.2 Newton’s Method on the KKT Conditions

The KKT conditions (3.16) are a set of 4N non-linear equations

F(m,2) = (3.47)

V¥,(m) — D(m)A } o

c(m)

where D is defined in (3.41). Solving this set of equations by Newton’s method requires the

Jacobian matrix of F

F'(m, Q) = (3.48)

V¥, A —D(m)
D(m)" 0 |

where A € R¥ ig a diagonal matrix consisting of the diagonal blocks A; = A;I; € R¥S.
Alg. 5 summarizes the Newton procedure for (3.47). The linear system (3.49) has a unique
solution if the Hessian matrix V2, £(1) = V*¥, — A is positive definite on, at least, the tangent
space of the unit norm constraints, that is dTV,an.[j(/l)d > 0 for all d # 0 with D(m)’d = 0
(means d; L mj, j = 1...N), cf. Lemma 16.1 [41]. Under this condition Alg. 5 converges
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Algorithm 5 Newton’s method for KKT system; NKKT (m°, 1°, tol)
Require: m° e RV, 2° e RV, tol > 0
Ensure: m € RV

1:me—ml, 1 A°

2: while [|[F(m, )|, > tol do

3: Solve the linear system

F'(m, D)[6m’,62"1" = —=F(m, ). (3.49)

4: [m”, AT — [m", A" + [6m", 62717
5: end while

quadratically provided that the initial guess is close enough to the solution.

The linear system (3.49) can also be seen as the KKT conditions of a quadratic program, i.e.
quadratic expansion of the Lagrangian function at the current iterate m subject to linearized
constraints, [41]. This allows one to apply ideas from quadratic programming on the subprob-
lems (3.49) (so-called sequential quadratic programming (SQP)), e.g. Null-space methods,
projected CG, (reduced Hessian) quasi-Newton, etc. [41].

As a numerical test the flower state example of Sec. 3.3.3 is chosen. The subproblems in Alg. 5
are solved with a GMRES algorithm where the action of the Hessian V2%, is computed with the
help of the gradient, i.e. (V*¥,)x = V¥,(x) + 1/n’h,,,. As the stopping criterion the projected
gradient is measured in the maximum norm like in Sec. 3.3.3. For the case n = 30 the number
of function evaluations were 67 (those for the Hessian evaluation included) and 6 iterations in
the outer loop, which is comparable with the corresponding amount of evaluations that were
needed for the gradient based methods in Sec. 3.3.3. However, further numerical tests show
that the Newton-KKT (NKKT) algorithm Alg. 5 strongly depends on the initial state. Further,
iterative solution of the systems (3.49) would need preconditioning for large system sizes. In
reference [45] a block preconditioner is suggested for the reduced Newton system arising from
liquid crystal modeling which is a similar problem like the micromagnetic energy minimization

problem.

Relation to Alouge’s method:

Alouge and co-workers proposed an update scheme [39] (for a finite element discretization of

the energy) where in each step a quadratic program has to be solved, i.e.
min ¥, (m + 6m)  s.t. D(m)" sm = 0. (3.50)
Since ¥, is quadratic the objective in (3.50) is

¥,(m + 6m) = ¥,(m) + (V¥.(m)) 6m + 16m" V*¥, 6m. (3.51)
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The first order optimality conditions for (3.50) lead to a linear system like (3.49) but with A = 0
and c¢(m) = 0. The updated solution in the algorithm proposed in [39], i.e. m+7,0m for suitable
7,, 1s normalized afterwards, hence, m is always normalized. This justifies c¢(m) = 0 in the
linear system. However, the choice A = 0 is somehow questionable. Numerical tests also show
slow convergence, respectively, serious problems near a solution. Moreover, the linear system
is solvable if V2%, is positive definite which does not have to be the case. Nevertheless, since
m is normalized any matrix of the type of A can be added to the Hessian of ¥,, e.g. constructed

from an estimate of the Lagrange multiplier vector (to the original unit norm constraint) 4 =
D(m)"VY¥,(m) cf. (3.16).
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Chapter 4
Tensor Formats

Portions of this chapter were previously published as [25] or submitted for publication as [26]
and have been reproduced here with permission of the co-authors. Content which was not gen-

erated by the author of this thesis is explicitly denoted.

Most of the computational schemes developed in this thesis rely on, or at least give the possi-
bility to make use of, structured tensor representation, so called tensor formats. The following

chapter is dedicated to data sparse formats for multidimensional data.

4.1 Motivation

In the following the term fensor is understood as multidimensional array (high dimensional
matrix’). Most of the time three dimensions are enough for the purpose of the following dis-
cussion.

Let the set of (order-3) tensors ' with mode sizes n = (n;, n», n3) over the field K = R or C be
denoted with ®2:1 K" and the set of matrices of size n; X n, as usual with K", The tensor
space ®Z:1 K" is the vector space generated by linear combinations of so-called rank-1 ten-

sors (elementary tensors), e.g. §3.2.6.1 in reference [47] and Sec. 4.2.

In the last few years much research was done on problems and applications where tensors ap-
pear as data or solutions. There are two basic distinctions in principle:

First, there are many problems where tensors arise as multidimensional (observed) data sets,
e.g. psychometrics, data mining, neuroscience, image compression and classification, see [46]
references therein.

Secondly, those problems where tensors come from an underlying multivariate function, like
for instance if one discretizes a Poisson equation —Au = f on Q = [0, 1] on a regular Cartesian

grid (tensor grid) in, e.g., three spacial dimensions. A tensor grid method would aim to approx-

! Another common notation is K/ where I = Iy X I, X Iy and I,, = {1 ... n,}, see [46]
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imate the solution u* = u*(xy, x, x3) on a tensor grid of size n = (n, n, n3) (mode-sizes) by a
tensor U € ®p:] R" with entries u;;,;; = u*(X(i;), Y (i), Z(i3)), where X, Y, Z is meant to be
the lists of x,y and z coordinates of grid points, respectively. Thus, the tensor U contains the
(approximate) function values of the solution sampled on the grid. In this context, U is called
a function-related tensor.

In general, the explicit storage of the ]_[‘;:1 n, (complex) numbers in the case of d > 2 dimen-
sions or large mode-sizes is not possible anymore, similar difficulties arise in the context of

computational cost; from Beylkin-Mohlenkamp [48]:

"When an algorithm in dimension one is extended to dimension d, in nearly every case its
computational cost is taken to the power d. This fundamental difficulty is the single greatest
impediment to solving many important problems and has been dubbed the curse of dimension-
ality.’

To break this curse, an approach based on separated representation of functions and operators

in higher dimensions was discussed [48], i.e.
Fonx) = Y e f00) £200) . ), (4.1)
=1

The discrete representation of the function in (4.1) on a d-dimensional rectangular domain (ten-
sor product grid) is called a canonical tensor, see section 4.2. Also approximation schemes for
compressed format of dense discrete (tensor) representation of multidimensional data or so-
lutions/operators of high dimensional problems, e.g. by low-rank decomposition, were devel-
oped, see for example [46, 47] or [6] for a literature survey on low-rank tensor approximation

techniques.

The following sections are brief introductions into the widely used tensor formats, i.e. canon-
ical tensors, Tucker tensors and Tensor Trains, but also aspects like (best) approximation from
a theoretical and practical point of view are discussed. For an extensive review on structured
tensors and some algorithms to compute structured tensor approximations the reader is referred
to the work [46] and references therein. The most common arithmetic operations on Tucker
and canonical tensors are presented in [49]. Those for tensor trains can be found in [50].

The following definitions are fundamental for the further discussion.

Let X,V € ®;:] R"™ . The Frobenius norm is defined as

no np n3

PR DIPIPIEAE (4.2)

i1=1 ir=1 iz=1
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which is associated with a scalar product

ni ny n3

(X, Y) = Z Z Z Xiyiziz YVijinizs (4.3)

i1=1 ir=1 i3=1

with [|X][7 = (X, X).
For a matrix U € R"™" the j-mode matrix product X X; U of the tensor X with U is defined

element-wise in the following way. E.g. for j = 1,

n
(XX Uiy iyiy = Z Xit iy iy Wiy it (4.4)

=1
i.e., the resulting tensor X x; U € R™"*" ig obtained by right-multiplication of the mode-1
fibers (columns) of X by U. Analogously for j = 2, 3; the cost for the computation of X x; U
is O(m HZZI n,) operations in general. In the forthcoming text the following definitions are

useful.

Definition 1 (Tensor outer product). Let a” € R, p = 1...d. Then the outer product of the

. d . .
vectors a'’) is a tensor X € ®p=1 R" given via

X=aVoa%o...0a?

=aPd? ... d?.
iy iy iq

’ (4.5)
Xiiy...ig

Definition 2 (Kronecker product). For two matrices A € R™ and B € R¥*L the Kronecker

product is defined by
auyB apB ... a ;B
A®B - aZ}B az'zB ... ayB  RIKXIL. 46)
anB apB ... ayB

Definition 3 (Khatri-Rao product). Given two matrices A € R>X and B € R’X, their Khatri-
Rao product is defined by

AOB=[a;®b, a,®b, ... ax®bg]ecR", 4.7
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4.2 Canonical Tensors

Definition 4. A tensor X € ®2:1 R™ is said to be in canonical format [ CANDECOMP/PARAFAC
(CP) decomposition] with (outer product) rank R, if

R
X=> 1 ulou®ou?, (4.8)

r=1
with A, € R, and (unit) vectors uij) e R,

Abbreviating notation as in [46], a tensor in CP format is written as
X =[x U0V 0% U, (4.9)

with weight vector A = [, ..., Ag] € RF and (factor) matrices UY = [u'"| ... |u} | € R"¥R,
The storage requirement for the canonical tensor format amounts to R Zi:l nj.

In the following C,, denotes the set of canonical tensors with mode sizes n = (n, ny, n3) and
rank r, and simple C,,, when the mode sizes are equal.

The inner product for two canonical tensors A € C,,, and B € C,,,, as well as other opera-
tions, can be performed with reduced complexity [for the inner product operation it amounts to
O(rir2 2 1) 1, see e.g. [49].

In general, element-wise operations (element-wise multiplication, evaluation of a function on
the entries, etc.) for structured mathematical objects (matrices, tensors) are difficult to perform
within the format in terms of preserving the structure and not destroy it. The element-wise
product of CP tensors is a good example for this issue; it can be performed within the format
but increases the rank:

For two canonical tensors X = [4; UP, U®,UP ] € Curand Y = [ u; vy y@ y® e Cnr
of equal mode sizes the Hadamard product (element-wise product) is

(XoY), k= Z Z Al (ug)vg)) (u(fl)v(]zj)) (”(1?,)"%) =[v; WO, WO W] eC,,., 4.10)
J

-
where v = [A,u] and WP = [u(lp) o v(lp)l ...|u(1”) o vif’)l L ul” e vif’)] e R» . The cost
for forming (4.10) is of order O(rr’ Z;zl ny). The new CP tensor has rank r7’. Direct re-
compression can be considered e.g. by optimization [51].

The tensor (outer-) product rank, i.e. the minimal number of rank-1 terms in a representation
like (4.8) for a tensor X, is an analogue of the matrix rank. However there are major differ-

ences between those two [46]. The product rank of a tensor might be different over R and C; in

principle there is no easy algorithm to determine the tensor rank since this is an NP-complete
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problem [52]. In fact, there are several specific examples of tensors where only bounds exist
for their ranks. Moreover the tensor rank is not upper semi-continuous, e.g. there exist se-
quences of tensors of rank < r converging to a tensor of rank greater than r [53]. There is no
Eckart-Young Theorem available, i.e. a CP decomposition can not be computed via the singu-
lar value decomposition (SVD), indeed, it is possible that the best rank-r approximation of a
tensor of order greater than two may not even exist for the case r > 1, [53]. Hence, the set
Cnr C ®Z:1 R" is not closed for r > 1 and d > 2. In fact, the best approximation problem
minyec,, X — Y|l is unsolvable if and only if infimum sequences are unstable, i.e. their rank-1
terms get unbounded, see §9.4 and §9.5.3 in reference [47]. Hence, closed subsets of canonical

tensors are those with terms bounded by a constant ¢ > 0, i.e.

r

.
Cp, =X = Zu&l) ouou? eC,,: Z |
=1

J=1

r 3
uVou® ou®|" =Y [][u] el @11
=1 g=1

Nevertheless, a broad community uses canonical decomposition, e.g. psychometrics, data min-
ing, neuroscience, image compression and classification, see [46] references therein.
Algorithms for computing canonical decompositions are mostly based on optimization, e.g. al-
ternating least squares [46], gradient based or nonlinear least squares methods [51] or Gauss-
Newton [54].

Also black-box approximation using fibre-crosses was considered [55, 56]. This method is also
based on an optimization approach but the cost function only requires the evaluation of the
original tensor on small sets of indices.

Approximation of operators like the multi-particle Schrodinger operator [48] or Newton po-
tential [57] can also be achieved by using the canonical tensor format in order to overcome the
curse of dimensionality. For matrices A € R(IT-m)X(TTLm) | tynically arising from discretized

operators, the canonical format is usually given in Kronecker product form [58]

A= Z o UV eUP U, (4.12)
i=1

J

with matrices Ui.q) € R"", scalars a; and ® equals Kronecker product. Due to the relation
VeC(VeC(U(3)) ovec(U®)o Vec(U“))) = vec(UV) ® vec(U?) @ vec(U®), the form (4.12) can be
identified with (4.8), where the vectorization vec(.) is understood as in [46].

Storage and tensor operations for the canonical format scale linearly in the dimension d, rather
than exponentially as for dense tensors. However, the above mentioned drawbacks (instability,
lack of robust algorithms) have led to the development of other (stable) formats that scale
linearly or polynomially in the dimension, such as H-Tucker [59] which relies on hierarchical

tree structure, or the Tensor Train format [50], which is briefly discussed in Sec. 4.4.
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4.3 Tucker Tensors and Quasi-Best Approximation

o 3 one e . .
Definition 5. A Tensor X € ®p: R is said to be represented in Tucker format if
X =Cx u® X5 U® X3 U® = [C: U(l), U(l)’ U® 1, (4.13)

. 3 . ; xri
with the so-called core tensor C € (X)p=1 R’ and (factor) matrices UY € R">"i,

The storage requirement for (4.13) is H?Zl rj + Z;zl n;r;, which is smaller than ]_[;:1 n; if
rjp < nj.

The j-rank of a tensor X is the rank of the unfolding (j-mode matricization) X;, [46]. By
setting r; = rank(X(;)), the tensor X is usually referred to as rank-(r, r», r3) tensor. Of course
rj < njholds.

In the following the set of Tucker tensors with mode sizes n = (n, ny,n3) and (j-) ranks r =
(1, r2, r3) is denoted with 7, and with 7, if r = r;. In fact, 7, contains all tensors with
mode-size n and j-ranks smaller or equal r;, [47]. There also holds C,,, € 7, since a canonical
tensor can be identified with a Tucker tensor which has a diagonal core tensor. Hence, the
"Tucker-rank’ is smaller or equal the *CP-rank’.

Many algebraic operations for Tucker tensors, like inner product, mode-multiplication, etc.,
can be performed with reduced complexity, see e.g. [49]. Again, the elemet-wise evaluation of
Tucker tensors is non-trivial in general. The element-wise product is described in detail:

For two Tucker tensors X = [C; UV, U?, U] € T,,and Y = [D; VO, VO VO] e T,

of equal mode sizes the Hadamard product (element-wise product) is

(X oY)k = Z Z Cijtc Aimn (”2)"2)) (”(sz)v(Jzn)l) (u(lgl)cvgr)z) (4.14)
i,j,k l,m,;n
The Hadamard product (4.14) can be written in compact form with the Khatri-Rao product.
It is straight forward to show

T T T
XY =[& VY oU")y (v¥ Uy (v oUY) 1€ Thmr.  (415)

where & is the reshaped tensor product of C and D, i.e. €y jmyi@m) = Cijk dimn- The costs for com-
puting (4.15) are therefore O(Z;:1 nyryr,+ ]—[f,: | pry). The new Tucker tensor has ranks rer’. It
is therefore practical to re-compress the original cores before building the tensor-product; also
re-compression of (4.15) is highly recommended if further operations with X e Y are planned.
Indeed, in practice often very effective re-compression of the core & and/or Hadamard product
itself is observed. Nevertheless, compression of the cores beforehand may lead to loss of accu-
racy.

Another possibility to compute element-wise operations on Tucker tensors is the use of approx-
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imate iterations [60, 61]. For instance, the element-wise reciprocal of each entry of a tensor

could be calculated by a Newton-Schultz iteration [converges in exact arithmetics for entries in
(0,2)]

yj+1 :T(yj+‘7"(3/j0(1—XoJIj))), (416)

with Y, = 1 the tensor with all entries equal to one, and 7 a truncation operator realized e.g.
by the HOOI algorithm (Alg. 6) if X is in Tucker format.

In contrast to canonical tensors the existence of a solution to the Tucker tensor approximation

problem can be ensured:

Definition 6. Let (V, d) be a metric space and O # U C V. A best approximation of v e V in U

is an element u* € U such that
du*,v) =d(U,v) := inf{d(u,v) : ue U}, 4.17)

i.e. the infimum is attained in U.
If V is a normed vector space the condition (4.17) reads: ||v —u*|| < ||v—u|| forallu € U.

Lemma 2. Let (V,||.||) be a normed vector space with dim(V) < co and O +# U C V a closed
subset. Then, for all v € V there exists an element up,s, € U With ||V — tpes || < ||V — u|| for all
uel.

Proof. Letv € Vandu € U and define D := UN{u eV : |v—ul <||lv-ull} € U. Since D
is non-empty (u € D), bounded (triangle inequality) and closed (D is intersection of two closed
sets) and hence compact, the continuity of the function f : D — R, f(u) := ||v — ul| together

2

with the extreme value theorem” ensures that f attains its minimal value at up,, € D C U. O

The set 7, is closed * due to the fact that the set of matrices of rank < r is closed, i.e. for a

sequence of matrices (U,),cn With ranks < r one has lim,_,., U,, =: U has rank < r. Thus, if a
3 . .

sequence (X,)uen C T pr C ®p=1 R" is assumed, one gets lim,,_,, rank(X,,(;)) < ;. 3

In finite dimension, the closedness of the subset 77, of a normed vector space, e.g. (®p:] R™ ||

ensures the existence of a best-approximation Xpeyy € T, of an element in X € ®;: (R, e,
|| X - Xbest “F < ”X - y”F Vy € Tn,r, (418)

see Lemma 2.

An approximation of a given tensor to prescribed j-ranks r was investigated in [62], where

The image of compact sets under continuous functions is compact.
3This also holds for order-d tensors where d > 3 and can be proved along the same lines.
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the described algorithm to compute such an approximation (Higher Order Singular Value De-
composition [HOSVD]) works by truncating the SVD of the j-mode unfoldings. The resulting
tensor is an approximation to the best-approximation in 7,,. Indeed, due to Property 10 in
[62] one has for the HOSVD approximation Xposyp of a tensor X with j-ranks R; and the
descending ordered singular values of the j-th unfolding of X denoted with a,({j), k=1...R;
(here formulated for order-3 tensors)

3 R

3o < VUK = Koeullr (4.19)

j=1 k:rj+l

| X = Xuosvp llr <

where Xy 1S the best approximation of X in 7, cf. [59].
Existence of the Tucker approximation was also investigated in [63], as well as alternating least

squares methods (ALS) for the fitting problem

C,U(‘r)r,]Ui(rzl),UG) ||X —-[c; vV, u®,u® ]]”12: s.t. UP column-wise orthonormal,  (4.20)
where X € ®Z:1 R™ is given and C € ®z: R, U € R to be computed.
For three dimensions Tucker approximation by a black-box cross 3d algorithm was reported in
[64]. There it was shown that the reconstruction of Tucker tensors with low core rank can be
achieved in linear time, i.e. O(nr), and with complexity O(nr?) in many other cases.
Another algorithm is the so-called higher order orthogonal iteration (HOOI), an ALS algo-
rithm, [46], which can also be used for the purpose of re-compression (namely computing a
quasi-optimal Tucker approximation of lower rank to a given Tucker tensor). Algorithmic vari-
ants of the HOOI were investigated in [65].
The HOOI is based on the following reformulation of the optimization problem (4.20):

Using the orthonormality of the factor matrices and rewriting the objective in (4.20) gives
1X = [C: UP. U®, UP |, = IXIE + [ICIE - 2{X >, UV %, UP" %, US", C). @21)
Its gradient w.r.t. to C is given as
de|lX —1C UV, UP U | =2 - X UV %, UP" 5, U, (4.22)
which attains zero for
C=Xx UV x, UP" x; U, (4.23)

giving a necessary condition for the optimal choice of the core.
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By inserting (4.23) into (4.21) problem (4.20) can be re-casted as a maximization problem [46],
[66], i.e.

T T T||? .
‘X x; UV x, U x; UP HF s.t. U" column-wise orthonormal.  (4.24)

max

v g@ g®
An alternating least squares approach for solving (4.24) can easily be derived by alternately fix-
ing all but one factor matrix and solving for the remaining by an SVD-approach, see [46] and

Alg. 6. In the description of Alg. 6 assume the (common) convention of descending ordered

Algorithm 6 HOOI (ALS); HOOI (X, ry, €)
Require: X € ®i:1 R"™, € >0, r,o € N5y, p=1...3 (initial guesses for j-ranks)
Ensure: C € ®137:1 R, UP e R p=1...3

1: Initialize UP e R, p=1...3e.g. by HOSVD or random

2: repeat
3: forp=1...3do
& Y Xx_ U9

J#p
5 (U,2) « svd(Y(,)) (where R liw’i 5 Y = UXV)
6: rp < min{r | (/X 07 < Z 2l
7 U» < UG, 1: rp) = luy,...,u, ]
8: end for
9: until fit ceases to improve

T T T
10: C— Xx; UV x, U?" x; UY

singular values. It is enough to compute the so-called economic sized svd, namely, in the case
[Tizp i < n, only the first [, r; columns of U have to be computed and £ € Rl Tl i
analog for the case [, r;i > n,.

The SVD is truncated in such a way that the relative error in the Frobenius norm is smaller than
the given tolerance of €/ V3.

The mode multiplications in Alg. 6, namely X Xi.: | U(j)T, need most of the computing time,
J#EP
since they scale with O(rn®), whereas the SVD needs O(r*n) (here n, =nandr, = ris as-

sumed).

HOOI converges to a solution where the objective function of (4.21) ceases to decrease; in fact,
the convergence of HOOI to a global optimum is not guaranteed, not even to stationary points,
[66],[63]. Nevertheless, to the author’s experience Alg. 6 works well in practice and most of
the time yields better results than HOSVD (even for random initialization).

An efficient generalization of Alg. 6 to re-compression, i.e. the case where X is already
in Tucker format, is straight forward and can be realized by using the formulas for mode-

multiplication and matricization within the Tucker format from [49].
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HOOI can also be used for approximate addition of Tucker tensors. Assume X is a sum of two
Tucker tensors with equal mode sizes (Block CP [BCP], [46],[67]), i.e.

X=[D; VO, VO VO T+ & WD W2 W, (4.25)

Mode multiplications and matricization have to be performed with respect to the BCP format,

which can be done element-wise (summand by summand).

The main advantage of the Tucker decomposition over the CP format is the available SVD-
based quasi best approximation. At least in three dimensions the exponential scaling of the
dimension in the storage of the core tensor plays a secondary role. If, though, a canonical
decomposition is needed, the 2-stage approximation “Tucker to CP’ might be considered:

Assume the core tensor in (4.13) is approximated in the canonical tensor format, i.e.
C=[4 V", VP VO] € Cpi. (4.20)

with V& e R%R. Then, one can easily transform Eq. (4.13) into CP format for a cost of

OR Z;zl rjn;) operations by

A =2, UVVD gPv® UPvI] e Cpi. (4.27)

4.4 Relation between Tucker Tensors and Tensor Trains (TT)

in 3 Dimensions

Definition 7. A tensor X € ®i:1 R™ is called a Tensor Train (TT) [50] if its entries are given

as
Xiviy.ig = G1(i1)G2(in) . .. Gaiy), (4.28)

where G (i) is an ri_ X r matrix with rg = ry = 1.
The G, are actually three dimensional arrays with sizes r,_; X n; X . Writing out the products

in (4.28) leads to

Xiiy.iyg = Z G (i1, 1) Go(ay, 12, @) ... Gao1(@g-2,ig-1, @a-1) Ga(@y-1, iq). (4.29)

A5 ¥d-1

For dense tensors X there exists quasi-best approximation in TT format due to best rank-r;
approximation of the unfolding matrices of X [50]. Re-compression (rounding) and ’canonical

tensor to tensor train’ (CP2TT) is also possible [50], as well as black-box approximation by
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ACA type algorithms [68].

In three dimensions (4.29) reduces to

Xijiziy = Z G (i1, a1)Gr(ay, iz, @2)G3(@z, i3). (4.30)

1,a2

From (4.30) one concludes
X =G G, %3G} =[G;G\,id, G} ], (4.31)

where G denotes the 3-tensor G, € ®Z:1 R™, where m, = r,, p # 2 and m, = n,. Re-
compression of (4.31) leads to a (], 5, r;)-Tucker tensor. The representation (4.31) is also
known as Tucker2 decomposition of an order three tensor [46].

On the other hand a Tucker tensor can also be easily converted to a tensor train, i.e. by mode-
multiplication of one factor matrix (e.g. the second factor) one immediately gets the form
(4.31). Re-compression by TT-rounding can be done afterwards. The Hadamard product (as

well as many other arithmetic operations) can be carried out efficiently in TT-format, [50].

4.5 Discrete Fourier Transform for Structured Tensors

Again, the following is presented for the case of order-3 tensors, although everything is also
valid for the general case of order-d.

For a given tensor X € ®;:1 R™ the 3-d discrete Fourier Transform (DFT) results in the
complex tensor X € ®;:1 C" and is defined as

Foks = Zwu«l DG1= 1)Zw(k2 (2= 1)20)(1@ DDy o (4.32)

J2=1 Jj3=1

_nkpip
where w, ”]” =

The inverse discrete Fourier Transformation (IDFT) is given by

1 .
L E —(k1 D@Gi-1) § —(kz D(j2-1) § —(kz D(3-1)
‘ — 4.33
J1J2J3 ninyn; Xkikoks - ( )

ki=

FFT variants are commonly used because of their almost linear scaling, i.e. 0(213,:1 log(n,) HZ:] ng).
The convolution theorem holds, i.e. in multi-index notation and using the operator symbols F
and F ! for the DFT and IDFT respectively

X T = F (F(X) e F(K)), (4.34)
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where the subscript denotes the n- shift and e the element-wise product (Hadamard product).

The following is straight forward to show.

Lemma 3. For a canonical tensor X = [ 4; UV, U®, U | € Cpyy Xjjnjs = St Aj 53 ui? ug
the DFT is given by

X = [ 4 F1a(UD), Fra(U®), F1U) 1, (4.35)

where the (1-d) Fourier transform ¥4 is only taken along each column of a factor matrix.
The IDFT is given as

X =14 F, (U, F1g (U?). Frq (U] (4.36)
Proof.
T, = Zr:/lr(iw(k' DGi1-1) (1) Zw(kz D(ja~1) (2) Zw% D(s=1) <3>) 4.37)
=1 j1=1
and analog for the IDFT. O

Lemma 4. For a Tucker tensor X = [C; UV, UP,U® | T nrs

. N\ ®» @ 3
Xjijnjs = ZJ, o=t Carsy Wy g Wy Uy the DFT is given by

X = [C: F1a(UV), F1a(U?), F1a(U) 1, (4.38)

where the (1-d) Fourier transform 4 is only taken along each column of a factor matrix.
The IDFT is given as

X=1C 7, (U), 7, (U, U)]. (4.39)
Proof.
r1,r2,r3 n
— 1 2 3
Xhihoks = Z Cint Zwaq D=1 5131)(260(@ D(2=D 5)}2 Zwaca DG3=D <> ) (4.40)
j’lajéa.]g =1
and analog for the IDFT. O

The DFT as well as the IDFT for structured tensors is therefore basically 1-dimensional, more
precise, assuming FFT and IFFT implementations, the costs are O(R }’ , n,, log n,,) for canonical
tensors and O(}, r,n, log n,) for Tucker tensors respectively. This matches asymptotically the

costs for 1-dimensional (I)FFT times the rank constants.
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4.6 Approximation of Disturbed Data

3 . .

Assume a tensor R € ®p:1 R" that is composed by a Tucker tensor X € 7, and an additive
: 3 .

noise N € &), R™, i.e.

R=X+N. (4.41)

The problem of approximating X in Tucker format is also referred to as ’tensor filtering prob-
lem’ [69]. Note that, in general, the disturbed data tensor R can have full mode ranks, although
X has ranks r <. n. A method for Tucker approximation which seeks an approximation with
a prescribed error bound of magnitude of the noise, like for instance the HOOI Alg. 6, would
approximate the full-rank tensor R, i.e. one would fail to derive a lower rank approximation.
Here, an algorithm is introduced that first filters the noise and then approximates the filtered
tensor, i.e. a low rank approximation of the given tensor R is achieved with accuracy in the
order of the noise. The method uses the Fourier approach of the previous section and has the
same complexity as Alg. 6. To the author’s knowledge the proposed method has not been in-

troduced in the literature yet.

For the sake of simplicity, Gaussian functions serve as filters for the method, i.e.

( B (x - nq/2)2 )’ ' 2am

= —_— >1 >2 4.42
b n(2a—1)’m‘ ,a€N(a=2) (4.42)

870 = —=exp
Vrb
where a is an over-sampling factor and m a cut-off parameter. A rank-1 tensor is now defined
by the tensor product of g, i.e.

Gri=g, 08, °8, (4.43)
where g9 = (g4 (1))i=1..n,- Also other fast decaying functions could be considered, e.g. Kaiser-
Bessel functions, see section 8.5.2.

The simple idea is now summarized in Alg. 7. Due to the fast decaying Gaussians, the convolu-
tion in Alg. 7 can be performed locally by only using neighboring data points, see section 8.5.1
for a detailed description of the more general case of gridding unstructured data onto a tensor
grid. The complexity of this step is therefore linear in the tensor grid size. The 1-d FFTs are
performed with zero-padding to the size an. Also note that the Hadamard product with the
rank-1 tensor é—l can be performed without increasing the rank of R. Overall, the dominating
complexity of Alg. 7 is the HOOI part, see Alg. 6.

Tab. 4.1 shows results for Alg. 7 for the case of max; |n;| =: |[N]l, = 1e-06 and € = 1e-08. X
was chosen randomly with ranks r, = 10, whereas n, = 40. A direct approximation by HOOI

leads to full ranks, i.e. r, = 40; HOOId, on the other hand, yields lower rank approximations.
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Algorithm 7 HOOI (ALS) for disturbed data; HOOId (R, r, €, b)
Require: R € ®z:1 R, €>0, r,oeN,;,p=1...3;6>0

Ensure: R € T ur
Precompute:
Gy < FFT of G, using Lemma 3
Compute:

e Convolve (locally): R — R * Gy

e Approximate: R « HOOI (R, rg, €)

e Compute the FFT: R — F(R) using Lemma 4
e Deconvolve: R «— R e égl

Compute IFFT: R — F LR using Lemma 4

Table 4.1: Results for Alg. 7 for the case of max; |nj| =: [|N]l, = 1e-06 and € = 1e-08. X
was chosen randomly with ranks r, = 10, whereas n, = 40. The over-sampling parameter was
a = 2. The first column gives the parameter m from (4.42).

m  (ri,r,r3) Hﬁ—RHF/HR”F Hﬁ_RHm

3 (26,30,31) 1.0e-7 2.0e-6
5 (19,21,21) 1.3e-7 3.0e-6
8 (14,15,16) 1.6e-7 4.9¢-6
12 (11,12, 11) 2.6e-7 9.4¢-6
18 (10, 10, 10) 5.5¢-7 3.2¢-5
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Chapter 5
Stray Field Computation on Tensor Grids

Portions of this chapter were previously published as [25] or submitted for publication as [26]
and have been reproduced here with permission of the co-authors. Content which was not

generated by the author of this thesis is explicitly denoted.

In this chapter a method is introduced and mathematically analyzed that allows computing
the stray field for given magnetization configuration on a tensor grid. The described method
is capable to efficiently use/profit from structured tensor representation of the magnetization
components, e.g. CP, Tucker or TT formats, see section 4. The resulting complexity strongly
depends on the format and, within this, of the ranks of the representation. Also it makes a
difference whether the result itself is stored in a (data sparse) structured format or as full/dense
tensor. In the tensor structured case, the method scales below linear in the tensor grid size
N = n? with a constant that depends on the format and rank(s). In the case of re-conversion into
full format the method scales linear in the grid size. A Fast Fourier transform (FFT) variant that
even accelerates the method is also discussed. In the degenerated case of dense magnetization
component tensors the costs are O(N*/?), slightly above the optimal linear scaling.

Section 5.1 is meant to be an easily readable description of the method, which is numerically
tested in section 5.2. Moreover, the method is mathematically analyzed in detail in section 5.3.

The FFT version is presented in section 5.4.

5.1 Description of the Method

It follows the principal description of the stray field method, while a detailed mathematical

analysis is performed in section 5.3.
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5.1.1 Separable Representation of Multivariate Functions

Assume a multivariate function f = f(p) : R — R where p = lIx|> € [a,b] C R and the

integral representation

flp) = f g(1) " dr. (5.1)
R

If quadrature with nodes and weights (#,wy), Kk = 1...R is applied to (5.1), one obtains a

separable representation of f, i.e.

R R d
pZ
o)~ ) gt ™™ =" wgw) | e (5.2)
k=1 k=1 p=1

The quadrature order R refers to the separation rank of (5.2).

The following methods makes use of this observation. So called sinc-quadrature is used, see
section 5.1.3 and 5.3.3.

5.1.2 Analytical Preparations

Integration by parts of the integral representation of the scalar potential, see section 2.3.1
Eqn. (2.23), yields

1 -y
P(x) = —4—f m(y) - zdy. (5.3)
4 IIx yIP
This expression makes sense in micromagnetics due to the constraint ||m|| = 1 a.e. in Q [7],

which implies m € L*(Q). Since the kernels @ (x) := x9/||x|* € L?(Bg(0)) for balls Bg(0)
centered in 0 with R > 0 and p € [1, 3/2), Holder’s inequality ensures that (5.3) is well-defined.

Next, denote the three volume integrals in Eqn. (5.3) by
P _ ()
Wm:f“wf > dy, (5.4)
o llx - yIP
for each of the components m”, p = 1...3, of the magnetization m. Thus, Eqn. (5.3) reads
3

1 (p)

p(x) =—— ) I'"(x). (3.5)
4r

p=1

The crucial step is to represent the integral kernel in (5.4) as an integral of a Gaussian function
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by the formula

f e P dr. (5.6)
R

AL

i)
o | T

So one has, for p = ||x — y|I*,

2

1P(x) = — f 2 f e T I P (1) (P — 3Py dy dr. (5.7)
VrJe  Jo

Eqn. (5.7) reduces the computation to independent integrals along each principal direction,

because the integrand is a separable function, i.e.

3
e—‘r2 le-yl* _ l_[ e_TZ (x(fl)_y(q))Z. (5.8)

q=1

As will be seen later, this results in a reduction of computational effort from O(N?) to O(N*/?),
where N = n’.
However, in order to be able to use Eqn. (5.7), one first has to apply stable quadrature for the

T—Iintegration.

Remark 2. In general, there holds the formula

~ . )
f et dx=—2=, p>0,n>-1 (5.9)
0

Thus, for the kernel 1/ Ix|[*, k € NU{0} the choice n = k—1 leads to a separable representation
after the substitution p = ||x — y||2.

5.1.3 7-Integration

Although the singularity is gone, the numerical treatment of (5.7) is not straightforward. Small
values of p have a dispersive effect on the integrand in (5.6), so one has to distribute the quadra-
ture nodes over a wide range for accurate approximation of the kernel function 1/p*2. These
values of p correspond to a small grid size, which is again essential for an accurate approxima-
tion of the magnetic scalar potential. Therefore one has to use a quadrature rule that is robust
with respect to small values of p.

For Gaussian quadrature, weights and nodes can be computed by solving an eigenvalue prob-
lem of symmetric tridiagonal type. For a larger number of quadrature points one uses the QR
algorithm, which scales linearly in the number of quadrature terms. On the other hand, using

Gaussian quadrature formulas on a finite subinterval [0, A], or Gauss-Laguerre quadrature over
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the infinite interval in (5.6), fail in terms of achieving a sufficiently good representation of the

kernel function for small values of p.

In [70] an integral representation for the Newton potential 1/ ||x|| was used to compute the elec-
trostatic potential for given Gaussian distributed charges in whole space. The 7 - integration
was performed using the Gauss-Legendre formula on logarithmically scaled blocks of the in-
terval [0, 10*] using a total of 120 quadrature points. Due to geometrical refinement against

zero, the functional 1/p is well described in this region.

Here we use the exponentially convergent Sinc-quadrature for numerical integration of the
integral [57]. This method shows better approximation properties than the Gauss-Legendre
formula for much fewer quadrature terms. See Fig. 5.1, where Sinc-, Gauss-Laguerre- and

Gauss-Legendre - quadrature are compared for the integration of (5.6).

Abbreviating notation and exploiting symmetry in 7, the I'” take the form
(02) 2 " (§2)
I'"(x) = — T2 FP(x,7)dT, (5.10)
vV Jo

where F?) stands for the Q-integral in (5.7). In order to guarantee the above mentioned ex-
ponential convergence rate one has to perform an integral transform (also see section 5.3) on

Eq. (5.10), i.e. 7 = sinh(¢), and apply numerical integration afterwards, which gives

00 R
f 22 FP(x, 1) dt ~ Z w; sinh()? GP(x, 1), (5.11)
0

=1

where (¢, w;) are the nodes and weights of the underlying quadrature, and
GP(%, 1) = 2 F)(x, sinh(?)). (5.12)

To apply Sinc-quadrature one uses the R + 1 nodes and weights given by
1 = lhg (5.13)

and

hg =0,
W = (5.14)
2hgcosh(t;) [>0,
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Table 5.1: Average abs./rel. errors of sinc-quadrature on p-interval [Se — 05, le — 02]. Left:
co-dependence of approximation of (5.6) (R = 50). Right: R-dependence of approximation of
(5.6) (co = 1.85).

¢y  abs. error rel. error H R abs. error rel. error

1.70 83e-01 34e-07 | 35 1.6e+00 6.5e-07
1.75 8.4e-03 33e-09 | 40 7.4e-03 2.9e-09
1.80 85e-06 33e-12 |45 4.7e-06 3.2e-12
1.85 34e-09 12e-13 |50 3.4e-09 1.2e-13
1.90 7.8e-09 3.0e-13 |55 28e-10 1.1e-14
195 17e-08 6.7e-13 | 60 25e-11 9.5e-16
200 39e-08 15e-12 | 65 33e-12 1.2e-16
205 82e-08 3.0e-12 |70 4.4e-12 89e-17
210 1.7e-07 63e-12 |75 23e-12 9.3e-17
215 32e-07 1.2e-11 || 80 2.4e-12 9.1e-17

with hg = ¢y In(R)/R for some appropriate ¢y, see theorem 6 in section 5.3. For the sake of

completeness, the algorithm for Sinc-quadrature for approximation of an integral

1) = fR (&) dé = fR cosh (&) ( sinh (&) dé (5.15)

is summarized in Alg. 8, i.e.

R
()~ )" w, f(sinh (1)), (5.16)

J=0

Tab. 5.1 shows the average absolute and relative errors due to Sinc-quadrature approximation

Algorithm 8 Sinc-Quadrature for (5.15); sinc (R, ¢y)
Require: Re N, ¢y >0
Ensure: 7,w € REH!
1: h < cyIln(R)/R
:for j=0...Rdo
T« jh
w; < 2hcosh (jh)
end for
woy < h

SANR AN

of the functional (5.6) for 10° equidistantly chosen p-values of the interval [Se — 05, 1e — 02].
The left three columns show accuracy for different values of the parameter ¢y and R = 50, right
columns show dependence of the number of quadrature terms and ¢y, = 1.85.

For the numerical experiments in section 5.2, ¢y = 1.85 was used, which gives a sufficiently
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Figure 5.1: Comparison of three quadrature methods for Eq. (5.6) with p = x?: Block-Gauss-
Legendre on 10 logarithmically scaled subintervals of the interval [0,2'°] = [0,2] U [2,4] U
... U[2°,2!9 with ¢ = 4 and 6 quadrature nodes each, respectively; the Sinc-quadrature with a
total of 40 nodes and ¢y = 1.85 and Gauss-Laguerre quadrature with 40 nodes.

good description of the functional (5.6).

5.1.4 Description of the Magnetization on a Tensor Grid

Assume for instance a 200nm X 100nm x 10nm magnet and a grid that consists of 100 x 80 X
20 cuboids, that arise from a (not necessarily equidistant) partition of the x-, y- and z-axis
respectively. In general one has n; X n, X n3 cuboids that define the grid together with three
vectors h, € R",p = 1...3 which consist of the grid spacings along each axis (see Fig. 5.2).
The tensor grid is described by the vectors h, in the general case or by the grid-size vector
n = (ny, ny, n3) in the equispaced case.

For the proposed method the magnetization is assumed to ’live’ on the center points of the
cuboids, which means the magnetization is assumed to be constant in each cell. Thus, the

magnetization is given as three 3-tensors (one for each component of the magnetization), i.e.

.....

m? =N ko, MP =) e QR p=1..3, 617
J
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where xo; = xq, Yo, Xq, 18 the 3-d characteristic function' of the subcube Q; = Q;, XQ;, X Q,

and m;” ) the components of the p-component magnetization tensor MP.

grid spacing

midpoint spacing

Figure 5.2: Vector of tensor grid spacings, i.e. h,,

5.1.5 Computation on a Tensor Grid

The computational realization of the quadrature approximation (5.11) to Eq. (5.7) requires
evaluation of the scalar potential at the center point x; = (x;'l , x;‘z, x; ) of each field cell. To this
end one substitutes Eqn. (5.17) into the function G'” of Eq. (5.11). This leads to

3
Gty =y m | f 890, X', 1) xa, (x) dx, (5.18)
J g=1 V2
where
exp(— sinh(7)? (@ — @')?) # D,
aa,r)=] ¥ 7P (5.19)

(@ — a’) exp(—sinh(1)? (@ — &)*) ¢ = p.

The three integrals in Eq. (5.18) define (n, X n,) - matrices, i.e.

d.l’. Z:f g(")(xl‘.;,x’,tl) dx’,

Qj, (5.20)
L o_(ql
D‘] : (diq jq)

Thus, one has a Tucker representation of the function G (cf. section 4.3), i.e.,

Jrj2 3 Tt Tz ja Yz s

GO,y =Y m?, b dl, d
i (5.21)
= M(p) X1 Dll X Dzl X3 Dl,

with the core tensor M@,

! Also other tensor product basis functions could be used here.
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Alg. 9 summarizes the computation of the *Gaussian matrices’ in (5.20), where Alg. 10 gives
the computational scheme for computing the scalar potential for dense (unstructured) magneti-

zation.

Algorithm 9 Gaussian matrices; gaussmat (1, p, hy, hy, h3)
Require: 7, € R, pe{1,2,3}, h, e R (p=1...3)
Ensure: D, € R"" (q=1...3)

1: Preallocate D, € R"" forg=1...3

2: forg=1...3do

3: fori=1...N,do

4: forj=1...N,do
5: if p = g then
6: (d,);; < approximation of fQ,- g9(x¢, x', 1) dx’ using second
7: expression in (5.19) via Gauss-Legendre quadrature or analytical formulas
8: else
9: (d,);; < approximation of fQ/_ g9(x¢, X', 7)) dx’ using first
10: expression in (5.19) via Gauss-Legendre quadrature or analytical formulas
11: end if
12: end for
13: end for
14: end for

For full micromagnetic simulations (e.g. energy minimization) the Gaussian matrices have to
be stored only once (3R matrices), since they only carry geometrical information. Instead of
line 5 of Alg. 10 (computation of the Gaussian matrices in the inner loop) it is therefore better

to compute them separately in the beginning of the simulation and use them as input in Alg. 10.

Algorithm 10 Scalar potential; scpot (MM, M® M® | hy, hy, hs, R, cy)
. - »
Require: M® ¢ (X)q:qu, p=1..3,heR"(p=1...3),R co>0

Ensure: ® € ®Z: R
1: (1,w) <« sinc(R, cy)
: Preallocate ® with zero entries
forp=1...3do
for/=1...Rdo
D, D,, D; « gaussmat (7, p, hy, hy, h3) > Alg. 9
® «— @ + w,; sinh (1))> MP x; D, x, D, x5 D;
end for
end for
D — -1/

R o

The complexity of Alg. 10, assuming the Gaussian matrices are already precomputed, is that of
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R mode multiplications with the tensors M® for p = 1...3, followed by tensor addition, i.e.
3
O(3RN(1 + )" ny)), (5.22)
p=1

where N = ]_[3:] ng.

If magnetization components are given in a particular tensor format, line 6 in Alg. 10 changes
accordingly. In the case of the Tucker format, i.e. M» = [CP; U(lp ), U(zp ), U(f " € T line 6

reads
6: @« ® + w sinh(r)*C? x; D,UY x, D,UY x5 D;UY. (5.23)

The complexity for the matrix products V;”) = Dquf) € R"*4 is O(rqnf[), whereas the mode-
multiplications C? x; V| X, V5 X3 V3 costs O(n r 7,13 + ninarars + ninonsrs). Note that the
mode-multiplications can also be performed in a different order, which might be advantageous
if there is a great difference in the magnitude between the mode sizes or the ranks.

Alternatively, subsequent summands in line 6 of Alg. 10 or all summands at once can be added
approximately in Tucker format using Alg. 6 from section 4.3. This reduces the costs (the mode
multiplications in Alg. 6 can be carried out efficiently within the Tucker format), whereas the
result @ is a Tucker tensor. Fig. 5.3 compares those two variants of dealing with magnetization
in Tucker format. Approximate summation is done with accuracy le-8, which yields an error in
the Frobenius norm of less than Se-7 for the scalar potential in all computations of the experi-
ment. One observes linear scaling in N = n? for the full computation, whereas the approximate
computation does not depend on # in this test. However, one can expect a scaling of at least
n? for larger mode sizes, where the costs for mode multiplication in (5.23) (n*-scaling) get sig-
nificant in comparison to the costs of Alg. 6 (basically linear in n). Moreover, this experiment
was done for constant ranks of the magnetization component tensors. In realistic simulations
the ranks would also (more or less) depend on the grid size. Furthermore, the separation rank
R was constant, rather than the more realistic assumption of weak dependence on the mesh
parameter h = 1/n, i.e. R = O(logh™!), compare with Fig. 5.5 in section 5.3.5 and also note

that the considerations in section 8.7 are related to this discussion.

Furthermore, in the case where the magnetization components are tensor trains computational
considerations like in the Tucker case are valid. Also, representation as Tucker tensor is possi-

ble, see section 4.4.

Finally, if the magnetization is given as canonical tensor, line 6 of Alg. 10 also reduces to

multiplications of the factor matrices. This is again of n>-complexity, see Fig. 1 in [25]. The
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—#— Tucker approx
5 - - o)

time (s)

50 70 20 110 130 150
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Figure 5.3: Computation time for the scalar potential by Alg. 10 for given magnetization in
Tucker format (ranks constant = 10); R = 30. ’Tucker full’ indicates full ("exact’) compu-
tation for Eqn. (5.23), whereas *Tucker approx’ are the times for approximately calculating
Eqn. (5.23) within the Tucker format using Alg. 6 with eps= le-8 for approximate summation.
Precomputation of the ’Gaussian matrices’ is excluded.

resulting scalar potential can be stored as canonical tensor with rank R" = R 22:1 r,, where
rp, p = 1...3 are the ranks of the canonical representation of the magnetization components.
If the full tensor is formed, additional R’ N operations have to be performed. An approximate
summation, like in the Tucker or TT case, is not advisable, since there are no stable algorithms

with error control available.

Once the potential has been computed, one has to perform discrete differentiation to obtain the
field —V¢. This can be done by g-mode sparse matrix multiplication, which scales linearly in
N = n® for dense potential and below linear (n?) for tensor structured potential. Here a sparse
finite-difference matrix is used which corresponds to a three-point finite-difference approxima-
tion of order 2 for the first derivative. Assuming a (not necessarily uniform) mesh in one spatial
direction p, e.g., with mesh sizes h;, j = 1...n, one has to use general finite-difference approx-
imations. Let & ji=(hj+hj1)/2, j=1...n—1 be the distance between successive midpoints.

For interior points the corresponding second order centered finite-difference approximations
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are given by

ag fx =) + & f(x) + &5 f(x + ) = f/(x) + O(hy y), with
kil _ ill k.l ill - ilk k.l ilk

@, =—m—, O ==, Q) = 7=, (524)
0 hi(hy + hy) : hy hy 2 Iy + Ry

where /i, i, are the distances to the left and right neighbor of a midpoint x, respectively. For

the boundaries the analogous one-sided scheme is used:

B )+ B e+ Iy + B f(x + Ty + ) = /(%) + OBy + ), with
k,l _ 27:Lk + 7:1] k,l _ ilk + ill k,l _ ;lk

(5.25)

0 (g + Ry ! by - TP By + By)

The resulting finite-difference matrix with respect to the p - th spatial direction is then given by

ﬁ(l),Z ﬁiZ lBé,Z
a/(l),Z a/} 2 a[;,Z
a/(2),3 a%ﬁ a/;,:%
I = € R™", (5.26)
a,g—S,n—Z 111—3,n—2 a[;—S,n—Z
a/g—Z,n—l rlt—2,n—1 Z—Z,n—l
_ﬁ;— 1,n-2 _18;11—1,;1—2 _ﬁg— 1,n-2

The tensor @ representing the scalar potential on the center points of the field cells, is given
by the entries ¢;,;,;, ~ ¢(x;), and the stray field can now be computed by evaluating the 3-
component tensor

Hy = (H  HP HO = (0 x; ], .~ x, T,

ny? ny?

~0x3 )" (5.27)

Furthermore, the demagnetizing energy can be approximated (second order) using midpoint

integration
13
w=-3 DUV MPHP). (5.28)
p=1

where the rank-1 tensor V = [[hy, hy, h3] € C, contains the volumes of the computational
cells. In the tensor structured case the element-wise multiplication V - M can be done effi-

ciently without increasing the ranks, see section 4. Moreover, the inner products in Eqn. (5.28),
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Table 5.2: Comparison of accuracy of Egs. (5.29) and Alg. 10 (R = 50). Absolute (Err;o;s0) and
relative (Relerr;s0) P-errors fora N = 10? (exact errors) and N = 503 (errors for 200 randomly
chosen mesh-points) tensor product grid, g"" indicates the order of Gaussian quadrature used
for the integrals in (5.20), the integrals in (5.29) are evaluated exactly.

gen Err Relerryg Errs Relerrs

4 231e-04 4.52e-04 159e-05 4.45e-04
8 1.13e-07 221e-07 7.77e-09 2.17e-07
16 434e—14 855e-14 5.85e-14 1.64e-12
32 129e-14 2.52e-14 5.86e—14 1.64e-12

ie. (V- M®P, 7{;” )), can be computed efficiently for structured tensors [49].

5.2 Accuracy Tests

First Alg. 10 is compared to direct integration, i.e.

#(x) = - iz f

(r) _ ()
Y gy, (5.29)
Il = yIP

The absolute and relative />-errors are used as measurements for the accuracy, i.e.

Err, = \/Z(¢;11r _ ¢;cn)2 = ||(Ddir _ (Dten”F , (530)
J

Relerr, = ||@%" — @'||_ /||®%

(5.31)

-

where @4 and @ are the tensors representing the potential at the center points of the compu-
tational cells obtained by the direct formula (5.29) and the tensor approach in Alg. 10, respec-
tively.

Tab. 5.2 shows the relative and absolute errors for a N = 10* and N = 50° grid, where the

integrals in (5.29) were evaluated exactly by using the formulas from [13].

Now, the proposed tensor scheme of this section is compared to the finite element simulation
package FEMME [71] in the case of uniform magnetization where no discretization error for
the magnetization arises. The used FEM/BEM implemention solves the weak formulation of
the magnetostatic Poisson equation. Dense boundary element matrices are approximated in the
H-matrix format, see [72].

From Tab. 5.3 one can see that the FEM/BEM algorithm approximates, in the case of uniform
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Table 5.3: Absolute error in the energy between results for direct tensor integration algorithm
and FEM/BEM for uniform magnetization distribution in the unit cube. N indicates the num-
ber of total nodes in the mesh. In the fourth column the rel. deviation of the energy values
computed by the two numerical schemes is given; percentage is based on the true value, 1.e.
eq = 1/6 [y M;2].

S

N error (tensor) error (FEM/BEM) deviation [%]

15° 1.38e-04 1.55e-03 8.50e-1
30°  8.19¢-05 4.51e-04 3.20e-1
60°  3.98¢-05 3.47e-04 2.32e-1

Table 5.4: Absolute and relative deviation in the energy between results for direct tensor inte-
gration algorithm and finite element reference-value for magnetization distribution of a vortex
in the unit cube given by Eqs. (5.32). In order to resolve the vortex, a non-uniform grid (geo-
metrically refined towards the center of the cube) is used. The columns to the right show the
minimal grid size, i.e. min /1, in the center of the cube and respectively the maximal value, i.e.
max h;, next to the boundaries.

n  abs. deviation rel. deviation [%] grid-min grid-max

10 2.02e-04 9.32e-01 89e-02 1.1e-01
20 1.61 e-04 7.42e-01 33e-02 7.2e-02
30 5.58e-05 2.58e-01 1.3e-02 6.6e-02
40  6.65e-06 3.07e-02 5.5e-03 6.6e-02
50 1.78 e—06 8.23e-03 2.8e-03 6.4e-02

magnetization configuration, about one order of magnitude worse than the direct tensor inte-

gration algorithm.

Now, a vortex-like state in a 200 nm? - cube is used, which is described by the model in [73],

i.e.
y )3
M*(r) = - ;(1 —exp(=475))2,
W= X1 -exp(~ 42 o

M(r) = exp(-25),

where r = 4/x?> + y>. The radius of the vortex core is chosen to be r. = 28 nm. The vortex
center coincides with the center of the cube, and the magnetization is assumed to be rotation-

ally symmetric about the x = y = 100 nm axis and translationally invariant along the z - axis.
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Table 5.5: Absolute and relative deviation between results for direct tensor integration algo-
rithm and finite element reference-value for magnetization distribution in the unit cube given
by Egs. (5.33).

n abs. deviation rel. deviation [%]

20 3.42e-04 2.24e-01
30 2.83e-04 1.85e-01
40 243e-04 1.59 e-01
50  2.18e-04 1.43e-01
80 1.83e-04 1.20e-01

For the above configuration (5.32) and an amount of 50 nodes and about 5 - 50° tetrahedral
elements, FEMME finds e;/uy = 2.16185 e—02, which is taken as reference value. This value
is compared with computations using the direct tensor integration algorithm of Alg. 10 on an
adaptive mesh refined geometrically, in each spatial direction, towards the vortex center of the
cube, see Tab. 5.4.

Finally, the algorithm is compared with FEMME for a flower-like state of the cube in the
previous example. The main magnetization direction is taken to be along the z-axis, and
the flower is obtained through an in-plane perturbation along the y - axis and an out-of-plane
perturbation along the x - axis. Assuming polynomial expressions for the perturbations, as in

[74], the flower is the normalized version of

M (r) = 3(x = x)(Z = Zn),
M(r) = 10 =y @ = 2a) + 55 O = Yn) (2 = 20)’, (5.33)
Mi(r) = 1,

where x,,,y,, and z,, are the coordinates of the center of the cube. For the experiment the
parameters in Eqn.(5.33) are set a = ¢ = 1 and b = 2. Using the same finite element mesh as
in the previous example, FEMME now finds e;/uy = 1.52653 e—01. Tab. 5.5 shows absolute
and relative deviations, in this case on a uniform grid used for the direct tensor integration
algorithm. One can observe a similar difference like in Tab. 5.3.

More accuracy tests were performed in [18, 25].
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5.3 Mathematical Analysis of the Method

A detailed mathematical analysis of the method of the previous sections will lead to a so-called
Kronecker product approximation [cf. (4.12)] of the *potential operator’ (5.3).

The underlying collocation scheme is proved to be quadratically convergent, see Lemma 5.
Furthermore, exponential convergence in the separation rank of the approximation is shown,

see Corr. 8.

5.3.1 Notation

Let Q = X;zl Q" c R with Q") = [a,,,] C R and assume for p = 1...3 a partition of Q7
into n, sub-intervals I, i = 1...n,. On the resulting tensor grid 7 := W x W® x W® of
Q where W® = X7 I sets of collocation points {¢” € I : i=1...n,}, p=1...3are
defined (for ease of presentation, one collocation point per sub-interval, e.g. midpoints).

. . 1 2 3 . .. . . .
Further, the number of collocation points §; = (551 ),ffz),flg)), i = (iy,1p,13) is denoted with
N :=11,n,.

5.3.2 The Collocation Scheme

(p)

i

Using the tensor product basis functions (e.g. ¥
1)

:= x,» indicator function of sub-interval

3
Wiis () = | |07, (5.34)
p=1

and the ansatz cf. [25] [m}"’ = m (&), j = (1. j2. J»)]

m?(x) = )" my(x) (5.35)
J

the collocation scheme for (5.3) takes the form [i = (i1, i, 3), J = (J1, j2, j3)]

1 3
b= 2 2 [ ¢ €. (5.36)
=1 Jj Q
where
YO — @
g9(x,y) = ———. (5.37)
|l — yll
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Lemma 5. Let m € C*(Q). Then the collocation scheme (5.36), where fgp ) are the midpoints of

pr Vi=1... n,, converges quadratically.

Proof. Assume (w.l.o.g) uniform spacings in each dimension, i.e. h, := 1/n,, and use the
3 4
=1 ij .

The local error e(€;) = |¢p; — ¢(&))| (cf- (5.36) and (5.3)) will be estimated for each fixed i and q
in (5.36) separately, i.e. define

notation h := max,__3 h,. Furthermore, let Qj := X

e,(&) = lZm;” fg AGRITOLEDY fg m<‘f><y>g<q><f,-,y>w,-(y)dy‘
J J

(5.38)
= fg (m” = m () gV y) wi(y) dy|.
J
By using Taylor expansion for m'? at ’source’ points e
2
m@(y) = m &) + (YmP&).y - &) + Oy - £ (5.39)

one obtains (Cy > 0 independent of h)

2
e€) < Y| [ () -6) 7 €numa| vl [ -l ¢ Enuma|.
J
(5.40)
It can easily be seen that g9(¢;,.) € LP(Q;) forall jand 1 < p < 3/2.
Hence, the second term in (5.40) allows the estimate
2 2
S -6l 2 €num ] < 3 le €l [ -6l viora
’ ’ (5.41)

< eE Mo D fg =& dy < |89 )]0 12112 = O).
J J

For the first term one has to distinguish between the diagonal (i = j) and non-diagonal (i # j)

case. The kernel g'V(&;,.) is analytic in the case i # j and thus allows Taylor expansion, i.e.

g9 y) = 89 €) + Oy - €| (5.42)

The constant term in the expansion does not contribute to the first term in (5.40) since y — §; is
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oddw.rt. §;in Q;. Thus, one gets (C, > 0 independent of h)

2,

J#i

[ (mnep.y-€) e enuma) < e Y, [ ol gl

J#i

(5.43)
< G, |QI W = O(h?).

In the case i = j there holds for the first term in (5.40)

fg (VM DE).y - £) 80Eny) wi(y) dy| < |[Vm (&) fg ly - &l 189 )| wiy) dy

< G (L&),
(5.44)
where (I f)(&) = [, ”;f@)l'lz dy with f(y) = (&2 — YO)Wi(y) € LP(Q), p > 1 with compact

i~y
support ;. Since 1/ Ix|[> € LP(Q), 1 < p < 3/2, one proceeds with
hy 1 )
(L)) < ———dy<h —dx =4nh’, (5.45)
o ||& - || 8, |||

which completes the proof. O

Fig. 5.4 shows the quadratic convergence of the error of the collocation scheme (5.36) compared
to (5.3) evaluated at the origin® for the radial symmetric function m(x) = exp(— lIx|[%).

The evaluation of the potential ¢ on T by abbreviating notation for the matrices G € RNV

-4

10 E T T T T
IR & computed

5 10° ¢ - =order O(h?) 3
@ :
2
=)
?
S 10 —

10-7 1 1 1 1

20 40 n 80 160

Figure 5.4: Absolute error of collocation scheme (5.36). Reprinted from [26].

ZMaple 14 was used for evaluating the expression (5.3) at the points &; = 1/2(h, h, h) with h = 1/n.
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with entries

G = f &Ly vi(y)dy (5.46)

Q

and the grid-sampled magnetization components m? € R" is given as
13
x—-— % G9m?, 5.47
b~ -1 ; (5.47)

yielding computational effort O(N?) if no special structure on G can be imposed.

The term (potential) operator will be used for
e
P:RYVXRYxRY 5 RY, iV, m®, m®) » —— Z G m9. (5.48)
4r p—

In the following Gauss-Transform (cf. [25]) and sinc-quadrature [75] will be used to construct
a Kronecker product structure for (5.48) with an asymptotically optimal approximation error

yielding a ’tensor’ version P of (5.48) that can operate on structured tensors.

5.3.3 Sinc Quadrature

Here, some basic facts from the theory of sinc function based approximation are stated, see
[75L[57].

The sinc function sinc(x) := % is an analytic function which is 1 at x = 0 and zero at
x € Z \ {0}. Sufficiently fast decaying continuous functions f € C(R) can be interpolated at the
grid points x = k € 97Z, ¢ > 0 (step size) by functions S 4(x) := sinc(x/¢ — k), i.e.

Fox) = > FUDS o). (5.49)

keZ

Since fR sinc(¢) dt = 1, the interpolatory quadrature for fR f(t)dt leads to

f f(t)dt ~ 192 FkD), (5.50)
R keZ

which can be seen as infinite trapezoidal rule. Truncation to k = —R. .. R of the infinite sum in
(5.50) leads to the sinc quadrature rule with 2R+ 1 terms with the truncation error @ 3. f (k)
that obviously depends on the decay-rate of f on the real axis.

For functions f € H'(Dy), § < m/2 (Hardy space), i.e. which are holomorphic in the strip
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Ds :={z€C: |Jz < 6} with
N(f,Ds) := fa |f (@) ldz| = fR(|f(l +i0)| + |f(t —i0)])dt < oo, (5.5D)
Ds

and in addition to f € H'(Ds) have double exponential decay on the real axis, the following
exponential error estimate for the sinc quadrature holds (cf. [57], Proposition 2.1), which is

stated here for the sake of completeness.

Theorem 6 ([57]). Let f € H'(Dy) with some § < n/2. If f satisfies the condition
|£(1)] < C exp(=be“™ VteR with a,b,C > 0, (5.52)

then the quadrature error for the special choice 1 = log(z’r—:R) /(aR) satisfies

[rwa-0Y o

|kI<R

—2ndaR ) (5.53)

< CN(.Dy) exp (1o s

Remark 3. In the case f(p) as in (5.1) the constants in (5.53) depend on p. For some fixed p,

an accuracy of € > 0 can be achieved with R = O(]log €| - log | log €|).

Remark 4. Instead of using sinc quadrature like in [25], one could use the best approximation
of |lx — y|I° in a specified interval. Here, better error estimates are obtained [76]. Note that

this approach is used in the recent work [15], see section 8.

5.3.4 Separable Approximation

The Gaussian transform

1 2
1.2 f 2 dr, (5.54)
R

is used to obtain for p = ||§-‘,- - y||2 and g = 1...3 the new representation for (5.46)

2 : 2
G? = f 2| 1h? (m)dr= = f f(1)dr, (5.55)
Yoo NmJe lpj o Vr Je
with
» Sy e E@ " dy p#4q s 56
i (7)) = ’ 2 —y (5.56)
plp ﬁ(_”)(gip _ y)e Tz(fzp ¥)? dy p=q.
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Lemma 7. After applying the substitution T = sinh(¢) the transformed integral (5.55) with
integrand f(t) := cosh(?) f(sinh(¢?)) allows an exponentially convergent sinc quadrature, cf.

Theorem 6, where the constants in (5.53) depend on the parameters in (5.56).

Proof. Assume w.l.o.g. g = 1 and (5.56) to be transformed to integrals over intervals [a,, b,],
Le. a, =&, — jyh,and b, := & — (j, — Dhy, where h,, is the length of the interval I;f), which
w.l.o.g. is assumed to be constant on the p-th axis. Set C := Hj’:] la;,bj] C H§:1 (h;/2,B; — aj]

(assume midpoints as collocation points); then the transformed integrand in (5.55) reads
f(0) = f xV cosh(r) sinh*(r) exp (— sinh?() Z x99 d(xD, x| x). (5.57)
c =1
One obtains analytically up to constants

—~ cosh(?)

f(t) o

—alsinh(r) _ b2 sinh*(7) b, sinh(?)) — inh
sinhz(t)(e e )(erj( » sinh(?)) — erfla, sin (t)))x (5.58)
(erfibs sinh()) - erflas sinh(1))),

where the so-called error function is defined as
fi) = — f Td (5.59)
erf(x) := — e " dr. .
Vi Jo

The functions erf{ sinh(z))/ sinh(z), exp ( — sinh?(z)) and cosh(z) are all entire functions, hence,
fis holomorphic over C.
Moreover, there holds (a > 0)

exp (- a’ sinh®()) = O(exp(~%-e*™) as |f] — oo (5.60)

and using asymptotic expansion for the error function * gives (a,b > 0, a # b)

exp ( — a? sinh?(r)) — exp ( — b? sinh?(r))
sinh(r)

erf(b sinh(1)) — erflasinh(1)) = O(

)as [f] — oo,

(5.61)

which shows the required double exponential decay for ]7
It remains to show that N(]T, Ds) < oo, Forz=t+1i6, H := Z?zl h§/4 and Cy = ]’[;zl[h‘,/Z,ﬁ‘,- -

3 o1 _exp=x) 1 315
erf(x) ~ 1 i (1-57+ T T oy )y x> 1
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a;] one gets

I

3
fx(l) cosh(z + i) sinh®(z + i6) exp ( — sinh?(f + i) Z XD d(x M, x@, x| dr <
c

J=1

|Col f lcosh(t + i6)| [sinh*(t + i6)| |exp ( — sinh*(t + i6)H)| dt < oo,
R
(5.62)
since the remaining integrand is a smooth function in t with (double) exponential decay as
|| — oo

This completes the proof. O

Remark 5. Since in an estimate for N(f, Ds) a term like
lexp (— a® sinh?(t + i6))| = exp( - “2—2( cos(26) cosh(2¢) — 1)),

can have positive exponent (e.g. t close to zero), the norm cannot be estimated uniformly in h,,
prohibiting an exponentially convergent sinc quadrature for h, — 0.

Nevertheless, for the grid assumed to be fixed, Lemma 7 gives a Kronecker product approxima-
tion of the operator (5.48) with separation rank R, see Cor. 8, where R = O(]log €| - log | log €])

for a prescribed accuracy e.

Corollary 8. The operator (5.48) admits a Kronecker product approximation of the form (4.12)
with rank R, where R = O(|log €| - log | log €|) for a prescribed accuracy €.

Proof. The substitution T = sinh(t) preserves the symmetry in the integrand (5.54), leading to
a R + 1-term sinc quadrature after applying Lemma 7. Omitting the first term, which is zero,

. . . 3 3 n 3 n
leads to the R-term representation for the potential operator P : X _, ®p:1 RY» — ®p:1 R™
(cf. (5.48) and (5.55)) with *

P = _271{% Z o D ® D @ D", (5.63)

with
D), . =hP (sinh(t)) and a; = cosh(ty) sinh’(z,), (5.64)
where t;, = ki for 9 = ¢y 10g(R)/R and appropriate ¢y > 0 cf. Theorem 6. O

The evaluation of one component of P (cf. (5.63)) for a rank—1 tensor, i.e. X = v @v@ @y

*One notes that with = iy + (i, — Dy + (i3 — Dn3 and J = ji + (jo — Dy + (j3 — 1)n3 the entries of a matrix

3 3 .
A e R oiven by a;; = al czl(fj)‘zczfj),3 correspond to the (1, J)-entry of AY @ A® @ AV,

i1
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[V, v@,v3] € C, 1, is given as

1 R
= > e (DEV) @ (D) & (DY), (5.65)

2m2 45

p(q)X - _

30
p:l np .
It is not far to seek a reduction of this complexity by reducing the cost for the matrix-vector

and amounts in a computational cost of O(R 3,

product (cf. Sec. 5.4) or reduction of the separation rank R (cf. Sec. 5.3.5).

By using the relations’ [49] (assume appropriate dimensions for the involved matrices)

(Ai® Ay))(B1®B;) = AB;© A,B, (5.66)
(A1®A)(C,oC,) =A,C,®A,C,, (5.67)
and
vec([[/l; vy y@, V<3>]]) = (VP o Vv@eviii, (5.68)
respectively
vec([[c; v v, V(3>]]) = (VO ® V® @ V)vec(0), (5.69)

one gets for the evaluation of (5.63) for X € C,,, (also compare with Alg. 10 and [25])

1

P(‘I)X [
273

R
> alla; DV, DEVE, DV, (5.70)
k=1

respectively for X € 7,, the formula

1

3
22

p(q){\f [

R
> alic; DIV, DV, DI VO, (5.71)
k=1

For unstructured tensors X € ®;:1 R formula (5.69) gives

1

3
22

R
POX = —— " o [X; D, D, D1, (5.72)
k=1

>The symbol © stands here for the Khatri-Rao product, cf. Sec. 4.3
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5.3.5 Some Practical Issues

Here the question is briefly addressed how to choose the rank R.

If one applies sinc quadrature to the Gaussian transformed kernel (5.54), one can adaptively de-
termine the rank by controlling the relative error of the quadrature in an interval p € [Pmin, Omax]
corresponding to the mesh size parameter / by the relation p = ||§i - y||2 > 3h*/4 [cf. proof
of Lemma 7 Eq. (5.57)]. One can scale the computational domain to unity, hence, in Fig. 5.5
Pmax < 3 was considered, which corresponding to Qgeq = [0, 1]°. One observes a uniform
relative error bound for A greater some h,;,,. Also compare with section 8. Moreover, one can
see from Fig. 5.5 the exponential decay of the error with respect to the rank (the logarithmic
error is a decreasing affine function of the rank).

The separation rank could also be reduced by applying re-compression of the CP representa-

-4
10 T T T L T T T T T T T T T L
—separation rank 30
—separation rank 50
100 F —separation rank 70 ]
o 10° .
<
5
5§10 f 3
(]L)_ AN AN AN AAAN A AMAAARARAAARAAAAAAR AA ﬂ
©
10™ ¥ 1
16 I L !
10 3 -2 -1 0
10 10 mesh size h 10 10

Figure 5.5: Relative error for sinc quadrature of (5.54) with substitution 7 = sinh(z). ¢y = 2.15.
Reprinted from [26].

tion (cf. Sec. 4.2) corresponding to (5.63). This can be done by compressing (5.63) as Tucker
tensor by Alg. 6 and subsequent approximation of the resulting core to CP.° This yields a canon-
ical tensor with smaller rank. The resulting CP representation again corresponds to a Kronecker

product representation.

®E.g. by optimization based algorithms [51] or direct CP approximation to a smaller rank.
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5.4 FFT Acceleration

Here the question is addressed how to use FFT in order to reduce computational costs for eval-
uating the operator P, cf. Corr. 8 Eqn (5.63). The evaluation of this operator for rank—1 tensors
[cf. (5.65)] scales quadratically in the number of collocation points in one dimension. Even
though this is super-optimal, also referred to as sub-linear [cf. [25] or (slightly misleading) as
super-linear (cf. [24])], one can still reduce this complexity (on uniform grids) by observing a
convolution in (5.3) and using the properties of DFT for structured tensors of Lemma 3 and 4.
Assume that the grid spacing, i.e. h,, is constant for each p and the collocation points to be the
midpoints of the intervals I;f = [P,

By applying the substitution used in the proof of Lemma 7 one gets for the functions in (5.56)

b,p -ip _szz dx D + q,

h(!’) ( )= h(l’) ( ) = { a'/:pfl;p o (5.73)
fa xe " dx p=gq,

ip=Jp

where a;,;, = (i, — jp)h, — " and b;,_; = (i, — jy)h, + h"
Fori,, j, = 1...n, these are 2np—1 different integrals. Therefore, seti,—j,=J,=1...2n,-1

o . 3 : .
and identify the convolution kernel GE.Z)J. € ®p:  R¥~! with entries

o) 3
@  _ ()
Gl = W= fR TZHhJ’; (1) dr. (5.74)
p=1

Lemma 7 also holds for (5.74) [after the substitution 7 = sinh(#)] and hence one can apply sinc

quadrature leading to [cf. (5.48) and (5.55)] the canonical representation

1
PO = ——[2; D'?, DY, DY ] € Con1, (5.75)
2m2
with
(D), « = K (sinh(1)) and A = cosh(x) sinh*(z), (5.76)

where t;, = ki for ¢ = ¢y log(R)/R and appropriate ¢y > O cf. Theorem 6.
By denoting the element-wise product (Hadamard product) for tensors with e and using DFT,
the evaluation of one component of P [cf. (5.75)] for a tensor X € ®;: , R" with (zero-padded)

. > 3 _
Fourier transform X € (X),_, C*»! reads

PO« X =T~ 5 N L 1o X). (5.77)
7'[2
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The complexity of FFT-based convolution in (5.77) with an unstructured tensor X is dominated
by the costs for the FFT of X, and amounts in a complexity of O(R Z;zl logn, H;z 1 1g), which
is comparable with usual FFT-based computation of the scalar potential (except the constant R,
the order of sinc quadrature), cf. [18], [77]. However, the storage for the kernel is lower, see
remark below.

For structured tensors X the complexity of FFT-based convolution with (5.75) scales like
n,logn, in the mode sizes due to the Lemmas 3 and 4 of Sec.4.5, i.e. if X is a Tucker ten-
sor one has complexity O(R 22:1 rpn,logn,) and O(Rr 213,:1 n,logn,) for canonical tensors,
respectively. Of course, the Hadamard product in (5.77) gives additional costs, see section 4.
One can think of re-compression of (5.75), e.g. efficient compression of a CP tensor to a Tucker
tensor by Alg.6 or to the Tensor Train format (TT) 4.4, if the magnetization itself is represented
in Tucker representation. The (complex) Hadamard product in Fourier space can be performed
with the techniques described in section 4, depending on the structure of the magnetization
component tensors. Alternatively, one could use a black-box approximation of the result of the
Hadamard product by means of adaptive cross approximation. For more details on that, the
reader is referred to the corresponding remarks in section 4 and the given references. Recently,
a related idea was used in the context of the Poisson equation arising in the Stokes problem and
experimentally tested for the two dimensional case [78].

In the FFT variant described in this section, choosing a large number of sinc-quadrature terms
(< rank R) becomes a feasible option, which results in an accurate representation of the oper-
ator (5.48). Since the computation and the re-compression of the discrete kernels (5.75) are
done in a setup-phase in a micromagnetic simulation, the higher amount of work due to higher

ranks does not significantly influence the overall computing time.

Alg. 11 describes the FFT-based procedure for computing the scalar potential for Tucker mag-
netization. Fig. 5.6 shows results on complexity and accuracy using Alg. 11 for the case of
uniform magnetization (means constant ranks = 1), cf. [25]. One can observe the quasi-linear
complexity (nlogn), while the relative error in the energy decreases with order about 1.5. The
discretization for the energy and the stray field calculation from the potential were carried out
second order. Fig. 5.7 shows logarithmic rank-grows for the stray field (averaged over modes)
induced by a non-trivial (flower-like) magnetization state [ 18], while using an accuracy of le-12
in Alg. 11.

Remark 6. A version of Alg. 11 for CP magnetization without representing the corresponding
CP tensors as Tuckers (which is of course also possible) is straightforward, i.e. in the setup the
CP kernel is not compressed in Tucker format and the Hadamard product is performed within

the CP format. The result is a CP tensor.

Remark 7. A version of Alg. 11 for dense magnetization has the same computational complex-
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Algorithm 11 Scalar potential DFFT; scpotDFFT (MM, M@ M®, h, R, ¢y, tol > 0)

Require: MP € T.», h,>0(p=1...3), REN, ¢y >0,t0l >0
Ensure: ® € 7,
Setup

e Compute the CP kernels (5.75)

e Compress the kernels to Tucker tensors with tolerance tol

e Compute DFFT of Tucker kernels by using Lemma 4

Actual computation
forg=1...3do

e Compute DFFT of g-th Tucker magnetization component by using Lemma 4

e Compute Tucker Hadamard products of magnetization component and kernels in
Fourier space using e.g. the tolerance tol

e Compute IDFFT for result of previous step

end for
Perform approximate summation of results in previous step using e.g. the tolerance tol

0.7
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Figure 5.6: Complexity and relative error in the energy for Alg. 11 tested for uniform magne-
tization. Reprinted from [26].
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Figure 5.7: Ranks of the computed stray field using Alg. 11 with accuracy le-12 and a flower-
like magnetization state. Reprinted from [26].

ity as other FFT based stray field algorithms. However, an advantage of Alg. 11 is the lower
storage requirements for the kernels P9 from (5.75). It is only O(R 23:1 n,) since the DFT of
the kernels (5.75) can be carried out by Lemma 3 (Sec. 4.5) and result in CP tensors. This is
much lower than for the demagnetizing-tensor or scalar potential method from [18]. For the
elementwise product in Fourier space, the entries of the kernel have to be re-calculated from

their factorized representations at a cost of O(R) operations.
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Chapter 6

Approximation of Magnetization in the

Tucker format

An optimization procedure for the total energy that works with structured tensors for the mag-
netization components would benefit from low compression ranks, i.e. the complexity is lower,
and of course also storage is less. On the other hand, the realization of such an algorithm is
not straight forward at all. All the energy and gradient terms have to be calculated with tensor
structured magnetization components, see chapter 5 for the stray field (the most tricky part).
Also, all the operations in an existing minimization algorithm have to be performed within the
tensor structure. Due to rank growing operations (like the Hadamard product), this is often only
possible when approximate tensor arithmetics (truncation) is used, cf. Sec. 7.3. In this context
most attention should be paid to the effective computation of element-wise operations (cf. chap-
ter 4), which certainly plays an important role in any algorithmic realization of the point-wise
constraint on the magnitude of the magnetization. For more information see chapter 7 where
also alternative approaches for low-rank’ minimization of the energy are introduced.

This section is dedicated to the question whether there exist "low rank solutions’ to micromag-
netic minimization problems and especially the investigation of the behavior of the ranks of the
magnetization components while hysteresis.

First, tensor approximation of a function related tensor which corresponds to data in a body
with curved surface is briefly discussed in section 6.1 for the example of a sphere. Apart from
that, Tucker compression for relaxed states', rank-growth with respect to the compression and
optimization tolerance but also with respect to the applied field during demagnetizing curve

calculation of a cubic (hard and soft) magnetic particle is analyzed in the subsequent sections.

'There holds Cu,r € T since a canonical tensor can be identified with a Tucker tensor which has a superdiag-
onal core tensor. Hence, the *Tucker-rank’ (v = r,) is smaller or equal the *CP-rank’.
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Table 6.1: Tucker approximation of indicator function of a ’staircase approximation’ of a sphere
by Alg. 6 with tolerance 1e-06.

mode sizen (N =n’) 30 50 80 100 140 200
rank r (ry, =) 13 22 37 54 72 100

6.1 Approximation of the Indicator Function of a Sphere

Assume a Cartesian grid. By assigning the value 1 for tensor entries which correspond to grid
points inside a sphere and zero else, one gets a tensor which is a discrete approximation of
the indicator function y of the sphere, see Fig. 6.1 left. Numerical tests show that a tensor
approximation of a multivariate function with low tensor rank, e.g. something like x> + y* + 22,
and defined in a sphere is only as good as the tensor approximation of the indicator function
X- On the other hand, the tensor approximation of y in the Tucker format by Alg. 6 yields a
rather bad result, see Tab. 6.1. The approximation ranks are about n/2, which corresponds to
a compression by a factor of about 7 — 8 (about the ratio of the volume of the cube and the

inscribed sphere). This means there is no effective compression possible.

Figure 6.1: Left: ’Staircase approximation’ of a sphere. Right: Approximation on the left but
smoothed by Gaussian filter.

Fig. 6.1 also shows the staircase approximation convoluted with a Gaussian filter like in sec-
tion 4.6. Remarkably enough, the smoothed sphere allows a slightly better Tucker approxima-
tion, e.g. for n = 100 the approximation ranks reduce from 54 to 40, for n = 200 from 100 to
68. This result depends on the parameters in the used filter, i.e. for the Gaussian filter as given
in (4.42) the parameter m has to be large enough (i.e. the convolution result has to be smooth
enough) in order to get a better approximation rank. On the other hand, larger m yields higher
complexity in the (local) computation of the convolution. Fast convolution (using Fast Fourier
transform and convolution theorem) could be considered instead.

Overall, one can not expect ’e-accurate’ low-rank approximations for function-related tensors
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Table 6.2: Remanent states for uniform initial magnetization. Ranks 7 (average of ranks, i.e.
1/9 3, Yo_, ry) determined with tolerance le-14. Q = 1 and n = 2.51.

gridsizen (N =n%) 30 40 50 60 70 80 100
average rank 7 15 20 25 293 31 34 35.7

which ’live’ in a body with curved surface. This result is disillusioning, and so, methods de-
scribed in this thesis, which assume discrete representations of magnetization components as
tensors refer to hexahedral magnets. Exceptions are the generic descriptions of minimization
methods of chapter 3 and of course the finite element stray field method in chapter 8.

For the sake of completeness it should be mentioned that, in the special case of a sphere, spher-
ical coordinates would lead to a tensor product domain. In the words of W. Hackbusch [47,
p.464]:

"Tensor applications require a Cartesian grid I := I, X ... X I; of unknowns. This does not
mean that the underlying domain Q C RY must be of product form. It is sufficient that Q is the
image of a domain Q; X ... X Q. For instance, QQ may be a circle, which is the image of the

polar coordinates varying in X Q,.

6.2 Approximation for zero External Field

In this section initial states in the unit cube are relaxed using the energy minimization algo-
rithm 2 form section 3.3.1 with no external field and anisotropy axis parallel to the z—axis.
Their compression ranks are investigated for given tolerances. First, the initial state is chosen
to be uniform in z-direction, i.e. m, = m, = 0, m, = 1. Hard magnetic material is assumed: for
this test Q = 1 (cf. section 2.2), while the length of the cube A (and so the exchange constant) is
varied. L is set to 1, which corresponds to the unit cube. The number of grid points in one direc-
tion, i.e. n, is varied according to n = 2.51. Since A has units of exchange length /., this means
that the exchange length is 2.5 times larger than the grid-spacing, cf. section 2.2. Tab. 6.2
shows the results for compression ranks with relative accuracy in the Frobenius norm below
€ = le-14. Stopping criterion for the optimization procedure was a maximum norm of the
projected gradient less than 1e-9 (very tight). The relaxed magnetization configurations were
all symmetric flower states [12] with average magnetization (m,) = (m,) = 0, (m;) = 0.9981.
From Tab. 6.2 one observes linear rank-growth for small A and gradually logarithmic increase
for larger cubes. Anyway, it is remarkable that there exists a low-rank approximation with an
accuracy of almost double machine precision (le-14).

In [18] similar tests were performed for vortex-like magnetization; also rank-growth for in-

creasing A was observed. Moreover, Tucker compression turned out to be more efficient than
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Table 6.3: Average ranks for Tucker approximation with tolerance € for remanent states of
randomly disturbed uniform initial magnetization for different stopping tolerance (opt-tol) of
the maximum norm of the projected gradient. Grid size n = 50, 4 =35 and Q = 1/2.

tolerance € le-9 1le-8 le-7 le-6 le-5 le-4

opt-tol 1e-06 50 50 50 50 487 27.7 (average rank r)
opt-tol 1e-08 49 413 27 17 6.6 4  (average rank r)
opt-tol le-10 47.7 21 11 7 6 4  (average rank 7)

using CP format. A canonical ALS approximation of the relaxed magnetization components in

Tab. 6.2 with rank [7] yields relative errors in the range of le-5 — le-7.

The minimization of the energy can regularize initial magnetization, such that the relaxed state
is smooth enough to allow a low rank approximation (even though the initial state does not
allow it). In order to demonstrate this, uniform magnetization, i.e. m, = m, = 0, m, = 1,
is disturbed randomly, i.e. random numbers from the interval [—1e-2,1e-2] are added to each
component of the magnetization at each node. Afterwards, this configuration is normalized
and taken as initial state for minimization by Alg 2. Note, that this disturbed magnetization
has full (Tucker) ranks for approximation tolerances much below le-2, e.g. for < le-5. The
optimization again leads to symmetric flower states, but this time for O = 1/2 with average
magnetization (m,) = (my) = 0, (m;) = 9.927e-01. Tab. 6.3 shows the (average) rank of the
z-component of the relaxed state for different stopping tolerance of the maximum norm of the
projected gradient. The more relaxed the resulting state is, i.e. tighter stopping criterion in the
optimization, the better Tucker compression for given tolerance is possible. On the other hand,
tighter stopping criteria in an optimization procedure that uses Tucker compressed magneti-
zation components for its internal functions (e.g. gradient calculation, line search) demands
for more accurate compression. For instance, this consideration concerns the stopping criteria
in demagnetizing curve calculations, i.e. the optimization tolerance which has to be reached
before the applied field is reduced by some Ah. If one feels certain about the choice of the stop-
ping tolerance (together with the decrement value Ah), only compression tolerances below the
stopping tolerance are valid. Otherwise white noise disturbs the calculation. The next section
is dedicated to this and similar considerations related to calculation of demagnetizing curves
(hysteresis).

6.3 Approximation during Demagnetization

In this section the compression of the magnetization components is determined during demag-
netization through an external field (applied field) that starts with some positive magnitude and

is then gradually decreased, i.e. the states during demagnetization are analyzed regarding their
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(Tucker) compression properties. Alg. 2 is used for optimization, where this algorithm op-
erates on dense/full magnetization component tensors. The relaxed states are compressed by
Alg. 6 and used as new initial states in full tensor format for the minimization of the energy
with reduced external field. Hence, the tensor compression in this section only has the effect
of ‘rounding’ the already relaxed states to the prescribed accuracy in HOOI Alg. 6, whereas
the numerical optimitaion is performed in double machine precision (full tensor format). Of
course, this procedure has no computational advantages over the original algorithm , but it may
help one to understand the effect of compression (used as truncation operation) in a minimiza-
tion scheme for the total energy. The Tucker compression accuracy is therefore tighter than the
used stopping criteria in the optimization scheme. Clearly, the opposite case would make no
sense at all. The tests in this section reflect the behavior of a version of Alg. 2 that produces,

up to the compression tolerance, the same results like the original algorithm.

The first test takes a L = 70nm cube with uniaxial anisotropy axis in z-direction, J; = 1.61T,
K, = 43e+6 J/m® and A = 7.3e-12J/m, which corresponds to Nd,Fe ;B [9]. The material
parameter give Q = 2.08 and a wall width parameter of VA/K, ~ 1.3nm. Since the exchange
length is [, = 2.6nm, larger than the wall width (hard magnetic case), a mesh size parameter
n = 50 is considered to yield a sufficient fine discretization, i.e. grid spacing ~ 1.4nm about
half of [., and about the wall width. The external field axis is parallel to the vector (1,0, 10)7,
so it is nearly parallel to the anisotropy axis. Subsequent equilibrium states are now computed
by Alg. 2 for decreasing external field & = ||h.|| € [-3.5, 1], where the value is reduced by
Ah = 5e-3 if the maximum norm of the projected gradient is below 1e-6. Tucker compression
is performed using Alg. 6 with tolerance le-7. Fig. 6.3 shows average ranks and errors as a
function of compression tolerance (cf. Alg. 6) for the z-component of different states in the
demagnetizing curve, which itself is shown in Fig. 6.2.

In Fig. 6.3 one clearly recognizes rank-growth as / is approaching the coercive field. Away
form this value only very slow increase with respect to decreasing / is observed. For the rela-
tion between average compression ranks 7 and the tolerance tol in the compression there holds
approximately 7 ~ O(log tol™") if /4 is not near the coercive field.

Also note that the maximum observed ranks were r = (50, 25, 50) for all magnetization com-
ponents.

It is not far to seek an application of Tucker compressed magnetization in an optimization
scheme for the purpose of calculating hysteresis, at least for external field values away from
the coercive field. This critical field value could be detected by (exploding) rank-growth, see
Fig. 6.3 and 6.4, but also compare with Fig. 6.5, where the ranks do not grow while approach-
ing the coercive field (only right before, i.e. & ~ h.) due to a too loose stopping tolerance in the
optimization.

Fig. 6.4 shows average ranks as function of the external field for Tucker compression with tol-
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Figure 6.2: Demagnetizing curve of 70nm Nd,Fe 4B cube, i.e. projection of magnetization onto
field axis (1,0, 10)” (Jm|) as function of external field 4. The brighter curve is calculated with
Tucker compression with tolerance le-7, whereas the dark blue curve uses full magnetization.
The calculated coercive field is in both cases h. = —2.767. Uniaxial anisotropy axis is (0, 0, 1)7,
Ah = 0.005, opt-tol = le-6.

erance le-7 in the computation of the demagnetizing curve in Fig. 6.2. Fig. 6.4 shows larger
ranks for the x and y component compared to the z component, which is also true for the most
part in Fig. 6.3. Right before and during switching of the magnetization (i.e. near the coercive
field) the ranks ’explode’ in an oscillating manner.

The choice of a small enough stopping tolerance for given A/ is important to calculate a good
approximation of the coercive field. Fig. 6.5 shows, in the same case like in Fig. 6.2-6.4
(Nd,Fe4B), the ranks and the demagnetizing curve for a higher stopping tolerance (opt-tol)
of le-5. The calculated coercive field is A, = —2.955. Although the Tucker approximation
tolerance can now be increased to e.g. 1e-6, which leads to lower ranks, the calculated value of
the coercive field exceeds that from the previous calculation (opt-tol = le-6) by 6.8 %. Also,
the ranks do not grow while approaching the coercive field due to a too loose stopping tolerance
in the optimization. Only right before the switching the ranks grow to saturation.

On the other hand, performing the same test but with a tighter stopping tolerance (opt-tol) of
le-7 and Tucker approximation tolerance le-8 yields the coercive field h. = —2.752 which
differs from that corresponding to opt-tol = le-6 by only 0.5 %. Fig. 6.6 shows this test, where
one clearly recognizes high ranks throughout the whole simulation.

A smaller cube with L = 35nm with stopping tolerance (opt-tol) le-6 and Tucker approxima-
tion tolerance le-7 is shown in Fig. 6.7; still the mesh size is n = 50. Compared to the 70nm
cube in Fig. 6.4 the ranks grow faster.

Interestingly, the opposite seems to be true for a large sample, i.e. for L = 100nm, n = 80 and

the material parameters of Nd,Fe4B. Fig. 6.8 shows, for stopping tolerance (opt-tol) le-6 and
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Figure 6.3: Average ranks and corresponding error (maximum- and />-norm) as a function of
compression tolerance (tol) for the z-component of different states in the demagnetizing curve
(cf. Fig. 6.2) for a 70nm Nd,Fe 4B cube. Axis of applied field is parallel to (1,0, 10)?, uniaxial
anisotropy axis is (0,0, )7, Ah = 0.005, opt-tol = le-6.
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Figure 6.4: Average ranks of the magnetization components in the demagnetizing curve (cf.
Fig. 6.2 bright curve) as a function of external field. Compression tolerance used in HOOI is
le-7.
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Figure 6.5: Average ranks of the magnetization components in the demagnetizing curve (inset)
of a 70nm Nd,Fe 4B cube as a function of external field. Compression tolerance used in HOOI
is 1e-6. The stopping tolerance in the optimization is le-5.
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Figure 6.6: Average ranks of the magnetization components in the demagnetizing curve (inset)
of a 70nm Nd,Fe4B cube as a function of external field. Compression tolerance used in HOOI
is 1e-8. The stopping tolerance in the optimization is le-7.
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Figure 6.7: Average ranks of the magnetization components in the demagnetizing curve (inset)
of a 35nm Nd,Fe 4B cube as a function of external field. Compression tolerance used in HOOI
is le-7. The stopping tolerance in the optimization is le-6.

Tucker approximation tolerance le-7, increasing ranks up to 4 ~ —0.8 and smaller ranks after-
wards until 4 reaches the coercive field (calculated value h. = —2.727). There are similarities
to Fig. 6.5 where the stopping tolerance was too loose.

Fig. 6.9 shows the same as Fig. 6.4 but with different anisotropy Q = 0.05, which corresponds
to a soft magnetic material. One observes rapid rank growth for all components as / approaches
the coercive field.

For different applied field axis, e.g. 45 degree to the anisotropy axis, tests similar to those
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Figure 6.8: Average ranks of the magnetization components in the demagnetizing curve (inset)
of a 100nm Nd,Fe 4B cube as a function of external field. Compression tolerance used in HOOI
is le-7. The stopping tolerance in the optimization is le-6.
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Figure 6.9: Average ranks of the magnetization components in the demagnetizing curve (inset)
of a soft magnetic cube as a function of external field. Compression tolerance used in HOOI is
le-7. The stopping tolerance in the optimization is 1e-6.

performed in this section show higher and more rapidly increasing ranks.

6.4 Conclusions

The considerations of sections 6.1 indicate difficulties for ’e-accurate’ low-rank approximations
for function-related tensors which ’live’ in a body with curved surface. Micromagnetic methods
for curved geometries, which assume discrete representations of magnetization components as
tensors, are therefore rather inconceivable. Also the results of the subsequent sections strongly
indicate that ’e-accurate’ low-rank approximation is absolutely necessary in order to be able
to implement such rounding/truncation in an optimization routine. These methods strongly de-
pend on calculations that are at least as accurate as a stopping tolerance’. On the other hand,
the choice of a small enough stopping tolerance for given Ak is important to calculate a good
approximation of the coercive field, compare Fig. 6.4, 6.5 and 6.6.

The tests in section 6.2 indicate an asymptotically logarithmic rank-growth with respect to the
side-length of a (rather) hard magnetic cube (with no external field). It is also shown that the
minimization of the energy has a regularizing effect on randomly disturbed initial magnetiza-
tion.

In section 6.3 the compression ranks corresponding to a prescribed tolerance during demagne-
tization are adaptively determined. The dependence of the ranks with respect to the tolerance
tol for the compression is found to be approximately ¥ ~ O(log 1/tol) if & is not near the

coercive field. Right before and during switching of the magnetization (i.e. near the coercive

2Such a tolerance is usually in the range of le-8 - le-5 for a maximum norm used
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field) the ranks ’explode’ in an oscillating manner, while for the region away from the critical
field ranks do not grow drastically. Anyway, the field range, where ranks can be small and
do not increase too fast, is large for hard magnetic materials. This gives one the possibility
to apply compressed magnetization in an optimization scheme for the purpose of calculating
hysteresis, at least in the restricted cases where this is possible in principle®. Soft magnetic
material instead shows (as it is well known) a very narrow hysteresis loop and, as shown in the
previous section, rapid rank-growth towards the field value were the magnetization switches.

In the context of optimization methods for low-rank tensor magnetization’, this chapter was
dedicated to minimization of the energy with truncated operations; in Ch. 7 also alternatives

are discussed.

E.g. geometry restriction or storage problem for element-wise operations in Tucker format
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Chapter 7

Energy Minimization with Structured

Tensors

Recall that a stable magnetization configuration m* is an isolated local solution to (also com-
pare with Sec. 3.1 and 3.2)

miny,(m) subjectto |m||=1 point-wise. (7.1)

In this chapter the focus is on solving (7.1) within either the CP or the Tucker format for low
representation ranks. This is interesting not only for the purpose of accelerating existing meth-
ods like those already introduced in chapter 3, but also to make energy minimization possible
where the degrees of freedom exceed the capacities of state-of-the-art methods. In fact, in the
case of rather small or medium sized systems, methods for structured tensor magnetization can
be expected to be less efficient! than most of the methods in chapter 3. Reasons for that are
the complications in connection with the additional side constraint M € structured tensor field
and, especially, the fulfillment of the unit norm constraint. This might force one to use the nu-
merically inferior penalty formulation, cf. Sec. 3.4.1. Nevertheless, energy minimization with
structured tensors can yield cheaper iterations and, above all, less storage requirements.

The discrete version of (7.1) for unstructured magnetization is a minimization problem con-
sisting of a quadratic functional with a (point-wise) non-linear and non-convex side constraint.
Inserting a structured tensor magnetization (fixed format) allows one to treat the problem (7.1)
with respect to the parameters of the tensor format. As a consequence the discretized energy
loses the property of being a (simple) quadratic function. The higher degree of non-linearity
makes the numerical optimization more difficult. Moreover, the unit norm constraints can not
be treated directly, e.g. by iterations that make use of re-normalization, but have to be incorpo-

rated into the problem formulation by a penalty term. Also, additional local minima can occur

n terms of number of iterations, convergence rate or function evaluations.
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which are not local solutions to (the discretized version of) (7.1). In the case of CP tensors for
the parametrization of the magnetization, the non-closedness of C,,, r > 2, |n| > 3 might lead
to non-stable iterations. Regularization can be considered to overcome this problem.

A second notion of minimizing (7.1) in a data-sparse fashion is the use of truncated iterations
from optimization methods from Sec. 3. This idea is briefly discussed in Sec. 7.3, however,
some numerical analysis was already done in Ch. 6 in Sec. 6.2 and 6.3.

Both notions of minimizing the energy with structured tensors (within the parameter set or ’ex-
terior’ with truncation) are briefly described in Sec. 7.3 and 7.4. An intermediate procedure
is introduced in Sec. 7.5. Successive rank-k updates within a penalty setup do not suffer too
much from rapid rank growth like truncation methods and the degree of non-linearity in the
optimization is lower than for optimization with fixed prescribed ranks.

In the following section 7.1 the discrete energy on a tensor grid is obtained. Sec. 7.2 discusses

discrete optimization on tensor spaces and subsets.

7.1 Discretization of the Energy on a Tensor Grid

In order to solve the micromagnetic energy minimization problem (7.1) the energy (2.17) has
to be discretized. The magnetization on a tensor grid is generally given as a tensor field M =
(MDD M2 M®Y) where MP € ®3:1 R, p =1...3, also compare with Sec. 5.1.4. For the
sake of simpler notation a uniformly discretized unit cube with subcubes of volume 1/n° is
assumed. In the more general case of n = (n;, n,, n3) the following definitions and derivations
can be easily adapted.

The energy (2.17) is discretized using the midpoint rule, i.e.

bt == A S S MM xRy - me HP M)

p=1 g=1
3 (7.2)

+0(1 - izz P @D MP | M@Y) — Z< MP, 7{52)

p=1 g=1

where K,, € R™" is the central three-point discretization of the second derivative with Neumann
boundary conditions and a € R*! the unit vector of the easy axis. The expression (7.2) is a
second order approximation to (2.17). All operations in (7.2) can be performed efficiently if
the components of M are structured tensors.

According to Sec. 5.1.5 the stray field components are approximated by

3 R
HPM) = 5= > > NUMD), (7.3)



with
~ =l =
NI MD@) = MD x| D\ X3 D, x3 D3 X, I, (7.4)
and
D) := (wisinh® 1) ° D). (cf. Sec. 5.1.5) (7.5)

Remember that in the case of structured tensors the evaluation of N [l, simplifies, e.g. for M@ =
[ v®,v*1ecC,, and p=1

NUM®) = 11, DU, DyU?, DyUP] € C,,. (7.6)
Remark 8. The discrete energy (7.2) is a quadratic functional in the sense that there holds
1 T
Y.(m)- Q = Em Hm - h'm, (7.7)

where m = (vec(MT, vec(MP)T  vec(MN, b = 1/n3(vec(HD)T, vec(H®)T, vec(H®))"

and the symmetric (block) Kronecker product structured Hessian

1 ~ 1
H = ——3(AK - —N +20A), (7.8)
n 2

with the symmetric 3n x 3n® block matrices

K =diag(Ap, Ay, Ap), Ay = (K, + KDL +1,(K, + KDL, +1,81,® (K, + K}),
N =[PP %, Jo+ PP X J) 1pge1.3, ¢f. (5.63),
A=aa" ®1I,,

(7.9)
where I, € R™" is the identity matrix.
As a consequence, the gradient of the discretized energy with respect to mis V,,\¥,(m) = Hm—h
and the Hessian is V2, W, (m) = H. Hence, the action of the Hessian on a grid vector v is
Hy = V,Y,(v) + h, which allows the usage of iterative solvers (e.g. CG or GMRES) for linear
systems containing the Hessian without explicit storage of H. The Kronecker structure of H
can only be exploited if m has a certain separable structure itself, e.g. one of the tensor formats
of Sec. 4. Computational costs for evaluating the energy and its gradient are both dominated
by the costs of the stray field part. However, preconditioning of a structured matrix like H is a
serious task which is by far not trivial if the structure should be preserved. This topic will not

be discussed in this work and therefore left for future research, especially in connection with a
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generalization of the Newton method described in Sec. 3.4.2 to structured tensor magnetization

with help of truncated iterative procedures for solving linear systems in tensor format. O

Often an important ingredient for constraint optimization with tensor structured input is a (1*-)
penalty (or regularization) term (cf. Sec. 3.4.1), which, in the case of the point-wise unit vector

constraint in micromagnetics takes the discrete form

3 3 3 3 3
1 2 1 2 1 2 2 2
P,(M) = ;Illn - § MP ||2 = e § ||M(p) ||2 + P § E (M(p) ,M(q) ) — pe) § ||/\/I(p)||2 + 1,
p=1 p=1 p=1

p=1 ¢=1
q#p

(7.10)

where 1, is the tensor with all entries equal to one and the notation M@? stands for element-
wise squaring. For the more general case of n = (n, n,, n3) the definition of P, can be easily

adapted.

7.2 Discrete Energy Minimization Problem on Tensor Spaces

and Subsets

The optimization problem (3.11) from Sec. 3.2 can now be formulated for M = (MM, M@, M®) €

( ®2=1 R"ff)3, ie.

min - W,(M) st CM) = MD? L M@ MO? 21, (7.11)
Me( ®;:1R”‘1)

This problem formulation is equivalent to (3.11) and can be translated by vectorization, re-
spectively tensorization. If the set of tensors in (7.11) is restricted to a certain tensor format
¥ C (X)Z: , R" the new problem reads

min ¥,(M) st. CM)=1,. (7.12)
MeF3

In general the fulfillment of the side constraint in (7.12) is not possible explicitly within the

format ¥, i.e. the ranks are increased. Hence, a penalty formulation might be considered

min ¥, (M) + uP(M), (7.13)
MeF3

for ¢ > 0 increasing or large enough.
An important condition for the existence of a minimizer of a minimization problem restricted

to a subset is the closedness of this subset. More precise there holds the following statement in
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finite dimension:

Lemma 9. Let V be a normed vector space with dim(V) < co and ) # U C V a closed subset.
Further let J : 'V — R be a continuous functional, and v* a local minimizer of J, i.e. there
exists a bounded neighborhood T C V containing v* with J(v*) < J(v) for all v € T. Then
min,erny J(u) exists if T N U # 0.

Proof. The proof is similar to that of Lemma 2. Define for arbitraryu € T N U the set D :=
TNUN{eV: Jv) <Jw} CTn U, which is nonempty (u € D), bounded (T bounded)
and closed (J continuous) and hence compact (dim(V) < o). Due to the continuity, J attains
its minimum in the compact set D C T N U. By definition of D a minimizer of J over D is also

a minimizer of J over T N U. O

Remark 9. Due to the continuity of J one can assume w.l.o.g. that the neighborhood in the
definition of a local minimizer is closed: For a sequence t, in T one gets J(v*) < J(t,) for all n
and hence J(v*) < lim,,_,, J(t,) = J(lim, o 1,,).

Moreover, a similar consideration leads to the fact that the set {v € V : J(v) < J(w)} is closed.

Of course, one cannot decide beforehand whether the condition 7 N U # 0 in Lemma 9 holds,
since 7" will not be available in general. However, in the case of the minimization of a penalty
formulation (7.13), where V = ((X)Z: X R”q)3 and 79 is either the closure of C,,,, i.e. E’,,,,q or
a closed subset of the canonical tensors, e.g. C;,, (see below), a sufficiently large rank ensures
the existence of a local minimizer in the set x}_ @ N T For this, consider that by definition

3 . o
of ®q: , R" as the vector space generated by all linear combinations of rank-1 tensors?, for

each elementv € T C (@32 | R”q)3 there exist 79 € N, g = 1,2, 3 such that each V¢ has rank
r@. Thus, one only has to choose some 7% 2 Cy,,, ¢ = 1,2,3.

Note, however, that the optimistic aim is to find an approximation to the micromagnetic energy
minimization problem with /ow rank.

For the sake of completeness, it is mentioned here that a closed subset of canonical tensors are

those with rank-1 terms bounded by a constant ¢ > 0, i.e.

r r 2 r 3 2
Cp,={X= Z ui.l) o u;z) o uf) €Cu,: Z Hug.l) o ui.z) o u?)H = ﬂ Hugq)H <c}. (7.14)
=1

J=1 j=1 g=1

In fact, the best approximation problem minyec,, [|X — Y|l is unsolvable if and only if infimum
sequences are unstable, i.e. their rank-1 terms get unbounded, see §9.4 and §9.5.3 in reference
[47].

%See e.g. §3.2.6.1 in reference [47].
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C
n,r’

In the context of optimization problems on C, ,, the constraint of bounded terms can be formu-

lated as a regularization/penalty term, i.e.

1 r
pe = e 2 |l

2

" (7.15)

ugq)

3
J=1 ¢=1

where a constant and moderately sized penalty parameter might be sufficient [79].

Another question is the non-uniqueness of the CP format due to scaling indeterminacy, i.e.
[, v?,u] = [=U0", (1 + eU®,U”]. In the context of optimization problems this
means that there exists a continuous manifold of equivalent solutions (as opposed to isolated
local solutions). This might cause numerical difficulties, which, however, might be regularized

by a Tikhonov term which is added to the objective function [51]
MR N 2
R
fR([[U(l), U?, U(3)]]) = f([[U(l), U®, U(3)]]) + o Z ||U(q)||F , (7.16)
g=1

where f is an objective function [e.g. (7.13)] and ugz > 0 a moderately sized regularization
parameter. The effect of the Tikhonov term is discussed in [51] in the context of optimization
based CP approximation of tensors, which can also be applied to more general problems like

(7.16): If an optimal solution is fixed except for scaling the j-th rank-1 term with constants a, ;

. 3 3 (@) . ;
with [T, ag; = [1,- ||ujq | =y, ie.

u u® u®

- (7.17)

1V o u® o y® = I,
e

J J
CZ],J' Oaz,j 0613’]'
J J J 1 2
[ TR [

the only part which is varying is the regularization term. This leads to r independent problems

of the form
) 2 2 .
mina; ;+ @ ;+as; st ajaes;=y; j=1...r (7.18)
It can be shown that the best solution is given when all uj.q) have equal norms, i.e.
a1l = Pl = el = 9,7, forall j=1...r, (7.19)

which also implies equal Frobenius norms of the factor matrices.

However, uy has to be chosen carefully so that it is small enough not to negatively influence the
optimization. Also, the Tucker format suffers from scaling indeterminacy, which might also be
treated with a Tikhonov regularization.

Furthermore, the canonical format and the Tucker format both have permutation indetermi-
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nacy, which, however, leads to isolated equivalent minimizers in the context of solutions of

optimization problems. Thus, this is not critical.

7.3 Minimization with Truncated Iteration

In principle all the numerical methods of chapter 3 could be adapted to the case where op-
erations are performed in a data sparse format. Operations on structured tensor magnetization
which increase the number of parameters® have to be "rounded/truncated’ to a format with fewer
parameters, at least, at some point determined by storage capacity. The necessary truncation
procedure has to be stable and cheap. Hence, Tucker tensors should be considered for truncated
iterations, due to the lack of such stable rounding procedures in the CP case (non-closedness).
Truncation can be performed for fixed format and ranks or adaptively, e.g. by Alg. 6. Re-
normalization steps, which are used in some of the algorithms of Sec. 3 can be formulated as
an optimization problem, which then can be performed for structured tensors. Nevertheless,
the ranks during the optimization procedure (both for the whole energy minimization or only
the re-normalization) can increase very fast and do not allow truncation without significant loss
of accuracy. For instance, the computation of the core of the Hadamard product of Tucker
tensors needs H?zl rjr’; stored numbers and the same amount of operations, cf. Sec 4.3. For
squaring a (real double) tensor with rank r, = r = 23 this already exceeds 1GB. This operation
is used for evaluating the unit norm constraint. In order to accomplish such operations one
has to further reduce the degrees of freedom in the core representation of the original Tuckers
before performing e.g. a Hadamard product. This is generally not possible without losing accu-
racy. Together with the results from Sec. 6, this gives a serious limitation for the optimization
approach via truncated iterations. However, the following section describes a possible way to
treat re-normalization in the case where operations are performed within a structured format.
Note that the two algorithms which were introduced in Sec. 3.3 both rely on re-normalization.

In the case of Alg. 2 the normalization is the last step in (3.34).

7.3.1 The Constraint on the Magnitude as Optimization Problem

The re-normalization of structured tensor magnetization is generally not possible in a direct
fashion. Beside the treatment of the micromagnetic side-constraint via a penalty term [cf.
(7.10) and Sec. 3.4.1], one could alternatively make use of the following optimization problem

formulation of the normalization procedure:

3E.g. the ranks of CP tensors get multiplied for the Hadamard product.
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For a = (a,,ay,a,)" # 0 find m = (m,, m,,m;)" such that
min |lm — a|* subjectto |m|* = 1. (7.20)
m

Setting the gradient of the Lagrange function for the projection problem £Lp(m; A) = ||m — a||* —
A(|lm|l* — 1) with respect to m and A equal to zero yields the necessary optimality condition
A* =1+ |la]| and m* = Fa/ ||al|. The Hessian V2, Lp(m*; 1*) = F||a|lid is positive definite for
the case m* = +a/ ||a||, thus, this is the minimizer of (7.20).

Solving (7.20) in a penalty formulation, i.e.
m,, = argmin|jm — al> + (|lm|* — 1)° (7.21)

for increasing ;. represents an alternative to the normalization procedure, which now can be

performed in tensor format (with truncated iterations), i.e. for tensors (7.21) reads
1< )
M;, = argmin — " [MP ~ AP+ PuOM. (7.22)
p=1

cf. (7.10).

7.4 Minimization within the Representation

In this section the discrete optimization problem (7.12) is solved with the additional side-
constraint of tensor structured magnetization components with fixed ranks. Some of the sub-

sections, especially the last one, rely on the canonical tensor format.

7.4.1 Reformulation for Fixed Format

Let ¥ be a tensor format and pF : P — (X)Z: , R" be the corresponding map from a param-
eter set P into the tensor space. For instance, in the case of the canonical format pcp(p) =
pep(UV, UP, U := [UV, UP, U], where the weights are assumed to be absorbed by the
factor matrices.

Problem (7.12) is equivalent to

min - ¥((or(p).pr(P).pr(P3) st C((or (). o7 (P2). pr(P)) = 1. (7.23)

(P1,P2,P3)EP 1 XP, XP3

The same reformulation can be done for (7.13).
One is interested in the case where the number of parameters is less than the dimension of the

tensor space (X)z:1 R". Clearly, the objective function of (7.23) is more complicated now than
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in (7.12). One gets additional local solutions, which are in the kernel of the Jacobian of the
format. For instance, the simple objective II.|I> minimized for rank-1 tensors has infinite many
equivalent minimizers, i.e. all rank-1 tensors where at least one factor is the zero vector. See
also the discussion about scaling indeterminacy in Sec. 7.2.

One can now apply methods for nonlinear optimization to the penalty formulation of (7.23),

see Sec. 7.4.3. Efficient computation of the gradients is discussed in the next section.

7.4.2 Derivatives involving Tensor Formats

Here it is briefly discussed how to determine gradients of functionals like those coming from
the tensor grid discretization of the energy (7.2) with respect to tensor formats. For the sake
of convenience, the techniques are explained for the case of canonical tensors, whereas gener-
alizations to other formats like Tucker tensors or tensor trains can be derived along the same
lines.

For instance, imagine the functional
f:Cu = R A:=[UD,U?, U] - (A,B), (7.24)

where for the sake of simplicity the weights A of the format description in (4.9) are assumed to
be absorbed by the factor matrices. The tensor B can be assumed to be represented in canonical
format too. Hence, the CP format is determined by the parameters of the factor matrices, i.e.
A = pcp(UV, UP, U®), where pcp is the map

pcpUV, U, UY) = [UV,U?, U]. (7.25)

The CP representation is not unique (pcp 1s not injective), e.g.

pcrUD, UP, UY) = pcp(RUD,2U0%, U), which implies that the Jacobian of pcp does not
have full rank. Especially for solutions of optimization problems, this means that there exists
a continuous manifold of equivalent solutions (as opposed to isolated local solutions). This
might cause numerical difficulties, which, however, can be regularized, see Sec. 7.2 for more
details.

Nevertheless, since the canonical format (as well as the other tensor formats introduced in

chapter 4) are multi-linear in the parameters, it is not too difficult to determine the derivative

df(pcr(p)) _ 5_f dpcp
op 0A dp”’

(7.26)

where p := (vec(UM)T, vec(U®)T, vec(UP)T)" .
A practical strategy for calculating the gradient of functionals like f in (7.24) with respect to
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the factor matrices is calculating the Fréchet derivative. E.g. in order to determine the gradient

of f w.r.t. UY one writes
FAUY +6,U2, U9 - fAUD, U2, UP]) = ([6, U2, U], B). (7.27)

The remaining strategy is to represent the arguments in the inner product as matrices. The

formulas for matricization in [49] are helpful for that purpose. One gets
6, U, U, B) = (5(U® 0 U?), B1y)r = (6, Buy(U® 0 UP))r. (7.28)
The gradient of f w.r.t. U is therefore
Ay f(A) = By (U 0 UP), (7.29)
which, in the case that 8 = [V, V@, V] simplifies to
Oy f(A) = VIO (VO 0 VO (U® 0 U?) = V(‘)(V@)TU(” o V@)TU@)), (7.30)

where e stands for element-wise multiplication of matrices. The costs for computing (7.30) are
OQ3nrarg + rarp), where n, = n and ry, rg are the ranks of A and B, respectively.
Functionals that arise from the penalty formulation of the discrete energy (see Sec. 7.1) are of

the form

f(A) = (A, B™, e N,m e NU{0}. (7.31)
g(A) = (A X J1 X2 J2 X3 J3, A). (7.32)

The notation A’ stands for [-times element-wise power (tensor Hadamard product). 8° =: 1,, =
1, 01,,01,, is therefore understood as the tensor with all entries equal to one, which is a rank-1

tensor. Note that, there hold the useful identities

(AL, B = (A", B" o A) (7.33)
(AXG T, B) = (A, Bx, J"), (7.34)

which allows one to express the functionals of Sec. 7.1 in the forms of f and g.

The derivative of f w.r.t. a factor matrix is given as

Oy f(A) = 1D (@ gep D) = 1 DV, D@ UD) € R4, (7.35)
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where D = A~ e 8" = [DV, D?, D] € Cpi1,n. The symbols ©, and e, stand for succes-
sive Khatri-Rao [descending order of indices, cf. (7.29)] and Hadamard products of matrices,
respectively. The costs for calculating the derivative (7.35) are O(3nrl,rjy + r,ri).

The derivative of g w.r.t. a factor matrix is given as
dywg(A) = J,UP (0,0, UP" JTUD) 4 JTUP (0, UV J,UD) e R, (7.36)

Calculating (7.36) for J, € R"*" dense costs O(6n*r, + 6nr + 2r%) operations, whereas for

sparse J, the scaling is (at best) reduced to O(6nrs + 6nr% + 2r%).

Remark 10. Note that in the case were A is a rank-1 tensor the operation counts for the
derivatives of f reduce to O(3nry + r%) (for all n) and for g to O(6n* + 6n) and O(12n) in the
dense and sparse case, respectively.

If, on the other hand, one aims to calculate the derivative with respect to a rank-1 update, i.e.
85f(ﬁ+ E), with & = [eV,e?, €] € C,.1, one can use the above formulas (7.35) and (7.36)
with A= A+E € Cu.r, by only evaluating the last column. More precise, one gets

e f(A) = I DV (e, DV @) € R, (7.37)
and
O g(A) = JP(U(p)( . U(q)T JZ e(q))) + Jg(U(p)( . U(c/)T 7, e(q))) c RW¥1 (7.38)

Hence, the costs are O(3nr';'ry + ri='r) in the case of f and O(6n* + 6nra + 2r,) and O(6n +
6nry + 2ry) in the case of g with dense and sparse matrices J ,, respectively.
Similar, in the general case & € Cy,, with rg > 1 the derivatives with respect to & can be

calculated by using the formulas (7.35) and (7.36) with A := A+E by only evaluating the last

rg columns. The computational costs are those for the previous case (rank-1 update) times rg.

Remark 11. For the discretized stray field energy in (7.2) one can also use the functional f
withl = m = 1 and vec(B) = (Nm)P cf. Sec. 7.1:

First note that the Kronecker matrix N is symmetric. Furthermore the stray field energy func-
tional is (up to a factor) —% m! Nm where m comes from vectorizations of tensor formats for
the magnetization components. Tensor formats are linear in their parameters (e.g. factor
matrices in the case of CP tensors, or also the core tensor for Tuckers) and hence, the en-
ergy is a quadratic functional with respect to the parameters of the format. Thus, the first
variation with respect to the k-th parameter in the p-th component can be calculated from
—6"Nm = —6P" (Nm)? |, where 87 is the only non-zero component which arises from the

p-th component of m by substituting the k-th parameter by a variation. E.g. for a canonical x
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component MV = [UV, UP U the first variation with respect to the second factor is

—(ten(6®), ten(Nm)"V)) = — (LU, 6*?, U], ten((Nm)")) =

7.39
~([U®, 6%, U], [HY, H?, HOT) = — (6%, H2(HY U o« HO'UD))p, (7:39)
where 8 = [H'", H?, HY] is the canonical tensor computed by
3
(Nm)D = 3" (PO sy T, + PV x, 1) )m®, (7.40)

g=1
cf. Sec. 7.1.

Remark 12. Functionals involving Tucker tensors can be treated along the same lines as in

this section. Matricization formulas for those cases can also be found in reference [49].

7.4.3 Minimization with fixed CP rank

A penalty method is applied to the reformulated problem (7.23) for fixed prescribed CP ranks
rp, p = 1,2,3. The penalty function for the subproblems (fixed ) is given as

QM) = ¥\(M) + uP,(M), (7.41)

cf. Sec. 7.1. The weights of the CP representations are assumed to be absorbed by the factor
matrices, like in Sec. 7.4.2. In general, it is possible to perform the minimization with respect
to a certain subset of parameters of the CP representation of M. In the description of Alg. 12
the set of such ’free parameters’ is denoted with p(M). For instance, if one decides to minimize
a subproblem with respect to the last r), columns of MP | p =1,2,3, this means solving the

problem

min 0,(M) = min 0,(M' + D) (7.42)

where the factors of M’ consist of the first r, -, columns of the factors of MP | p=1,23and
Dex?

q=1
lems are solved with a quasi-Newton method; yy = 10 and M,, = 1 or 5. Tab. 7.1 shows results

Cnr- In this case one has p(M) = pcp(D). In the numerical tests below the subprob-

for a nearly uniform flower in the unit cube as initial magnetization and parameters Q = 0.05
(anisotropy) and 4 = 8.45 (units of exchange length), cf. Sec. 2.2. Grid spacing is & = 1/20
and no external field is applied. The parameters are near the so-called single domain limit, also
compare with the uMag standard problem #3 [12]. The initial magnetization is generated as

CP approximation from the formulas (5.33) with a = ¢ = 5 and b = 2. The projected gradients

100



Algorithm 12 gPM for CP-magnetization; gPM_CP (M°, p(M®),tol, uy,t, — 0)

tar A0 € %3
Require: M" e x|

Ensure: M e x_,Cy,,

12 pM) « p(M®), tt  pio, n < 0
2: while ||V, 0, (M)|| > tol do

3: p < p(M)

Cur,» PM) € pcp(MP), tol> 0, o > 0,7, — 0 (nonnegative)

4: Find approximate solution p(X) to the sub-problem min, Q,(.) starting at p and ensure

V50,0 < 72

n—n+1
end while

U My u(M, > 1)
M « overwrite free parameters in M with p(X)

Table 7.1: Minimization w.r.t. fixed CP format with Alg. 12 with gy = 10 and M,, = 1 or 5.
For each line in the table 15 loops in Alg. 12 were performed. Results for a nearly uniform
flower (5.33) [a = ¢ = 5, b = 2] in the unit cube as initial magnetization with different CP
ranks. Parameters are Q = 0.05 (z-direction) and 4 = 8.45[/,,]. Grid spacing is & = 1/200
and no external field is applied. In the first column the ranks are shown, columns 2-5 show the
energies, column 6 shows the average z-component of the magnetization, column 7 shows the
constraint violation measured by the function P, from (7.10), column 8 shows the 2- norm of
the projected gradient and the last column shows the number of function evaluations (function

and gradient evaluations are counted as one evaluation).

r=r, ot ey Cox eun (m,) P.(M)  |[Vo¥,(M)|| #evaluations
1 0.1558 0.1518 0.0031 0.0009 0.9906 1.12e-05 1.47e-04 139
2 0.1525 0.1454 0.0055 0.0017 0.9828 1.75e-06 1.34e-04 176
3 0.1573 0.1541 0.0026 0.0006 0.9938 6.81e—05 2.16e—04 118
4 0.1513 0.1404 0.0082 0.0027 09721 6.17e-06 9.63e-05 152
6 0.1598 0.1587 0.0008 0.0003 0.9975 4.84e¢-07 1.57e-04 155
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are calculated with approximate Tucker arithmetic with Alg. 6, meaning the CP magnetization
is approximated in Tucker format (accuracy le-14) and all rank increasing operations for com-
puting the projected gradient are truncated with an accuracy of 1e-09.

Convergence behavior for this example can be observed by the 'opening of the flower’; the
value of the average z-component at the equilibrium is (m,) = 0.9711. One can clearly observe
that higher ranks do not automatically lead to better convergence. On the contrary, the mini-
mization with » = 3 or 6 almost fails completely, whereas r = 2 leads to good convergence. The
objective functions corresponding to the minimization problems with different ranks have dif-
ferent degree of non-linearity. This and also the non-closedness of the format might be reasons
why the behavior is not comparable or predictable. The attraction to ’artificial’ local minima
can not be excluded either. Furthermore, the prior determination of the ranks is not possible.
In the next section a more sophisticated scheme is developed which is a combination of Alg. 12

and steepest descent.

7.5 Successive Rank-k Update

The approaches of section 7.3 and 7.4 are very different to each other. While minimization
with truncated iterations generalizes ’ordinary’ minimization schemes to structured tensors,
the scheme in Alg. 13 is especially constructed for the CP format. Both approaches have their
weak points. Truncated iterations need a stable and closed format, which allows application
of rank - adaptive rounding. The Tucker format is an example of such a format. Point-wise
operations like the Hadamard product, which occurs in the evaluation of the micromagnetic
side constraint, are a serious stumbling block for any of the introduced formats due to the
rapid increase of rank. The storage requirements for the dense core of the Tucker format limit
the usage of this format in connection with rank increasing operations. In the approach with
truncated operations the amount of rank increasing operations is very large. On the other hand,
the second notion [fixing the format] complicates the optimization problem drastically because

the objective gets more non-linear. The easy test summarized in Tab. 7.1 confirms this.

The following approach can be seen as a beneficial combination of the two approaches which

were introduced in the previous sections of this chapter.

Imagine that for given magnetization a descent direction is calculated. A condition for such a
direction in the case of an at least two times differentiable function # : RY — R can be derived

from Taylor expansion:

h(x + sd) — h(x) = s Vh(x)"d + O(s?), (7.43)
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and therefore d is a direction of descent at the position x iff Vi(x)"d < 0. Hence, the negative
gradient at non stationary points is always a descent direction, even the steepest. For micro-
magnetic energy minimization this is the negative projected gradient —V¥,(M). As suggested
in Sec. 7.4.3 the quantity V;'¥,(M) for canonical tensor magnetization M can be calculated by
approximating M as Tucker tensor and performing truncated operations with e.g. Alg. 6. For
moderate CP-ranks this can be performed very fast and efficient.

Of course, any other descent direction can be used, it does not have to be the steepest descent,
namely the negative projected gradient. However, the following considerations are restricted to
the steepest descent case.

In order to use this descent direction as an CP update with certain ranks an ALS- or optimization
based CP approximation is performed, see remark 13 for more details. The resulting descent
direction P is used in a backtracking loop to determine a step length s that ensures a decrease
of the energy. Afterwards, Alg. 12 is used with the updated magnetization as initial guess and

PM) = pcp(sD). This method is summarized in Alg. 13. It consists of two steps:

1. First, a tensor structured rank-k descent direction is determined.

2. then, the new update is calculated and serves as initial guess for minimization with re-

spect to the new free coordinates.

The ranks of the approximations increase linearly with the number of outer loops. Nevertheless,
arestarted version could be considered. Namely, after a specific amount of iterations the current
iterate is approximated with lower ranks and taken as initial configuration for a restart.
Moreover, in the description of Alg. 13 the initial penalty parameter y, is the same for each
outer iteration. Of course, one can increase it from one to the other outer iteration in order to
accelerate convergence.

Tab. 7.2 is the equivalent of Tab. 7.1, where rank-1 updates were used in Alg. 13. Significant
improvements can be recognized. Tab. 7.3 shows the results for the same example like in
Tab. 7.2 but with much smaller grid spacing 1/200. Note that the computation time for function
evaluations scales with O(1/h?)*, which allows computations on large grids.

Tab. 7.4 and 7.5 show analogue tests for a vortex like initial configuration and rank-1 and rank-
2 updates, respectively.

In order to include an external field into the tests, Tab. 7.6 shows the results for uniform initial
magnetization and an applied field in the direction (0.57,0.57,0.57). No anisotropy is assumed.

One recognizes quite fast convergence.

(@
Remark 13. The best approximation D9 of —(VH‘PI(M)) ! by a rank-r, CP tensor is only

well-defined for the rank-1 case, cf. Sec. 4.2. However, the approximation only has to be an

4For h = 1/200 the Matlab implementation that was used needs about one second for computing the energies,
the penalty term and all the gradients; and about 2.5 seconds for 2 = 1/300.
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Algorithm 13 Successive rank-k update method; gPM_CP_rk (M, r, tolyz, Ho,7, — 0)
Require: M° e X?J:lcn,rq’ r=(r,r,1r3), tol2 > 0, gy > 0,7, — 0 (nonnegative)
Ensure: M e x>_Ca,,

1: M« qPM_CP(M°, pcp(M®), toly, o, 7, — 0)

2: while |[VL¥,(M)]| > tol, do

3: E « ¥, (M)

(4)
4: D9 « Rank-r, CP approximation of —(VH‘P,(M)) ! , cf. Remark 13.

550 M@« MD+ DD, g=1,2,3

6: s« 1 .

7: while ¥;,(M) > E do

8: 5 s/2

9: MD = MDP + DD g=1,2,3
10: end while

1: p e pcp(sD)
12: M — gPM_CP(M, p,toly, uy,7, — 0)
13: end while

arbitrary descent direction and not the best approximation: In the situation here, the condition

for descent translates to

D (D, (VW (M) <0, (7.44)
q

where |Va¥,(M)|| = \/Zq II(VH‘I’t(/\/())(q)II2 # 0 is assumed. Hence, if the ordinary rank-r,
approximations DY do not yield a descent direction D, one can force it by claiming (7.44). By

introducing a slack variable S > 0 such that

Cs(D) =S + Y (DD, (VnP(M)?) =0, (7.45)
q

one can treat the side constraint (7.44) in a penalty framework with subproblems

min > 1D + (V¥ (M) I + 4Cs (DY, (7.46)
q

for increasing u. This is equivalent to

min " DV + 2+ 48) Y (DV, (et M)?) + 4 3 (D?, (Ve MYDP) . (7.47)
q q q
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Table 7.2: Minimization with rank-1 update with Alg. 13. Results for a nearly uniform flower
(5.33) [a = ¢ = 5, b = 2] in the unit cube as initial magnetization with different CP ranks.
Parameters are Q = 0.05 (z-direction) and A1 = 8.45[l,,]. Grid spacing is & = 1/20 and no
external field is applied. The first column gives the iteration number in the outer loop and
the corresponding ranks in the brackets. In each outer iteration 8 iterations in qPM_CP were
performed, while no other stopping criterion was used. The subproblems in Alg. 12 are solved
with a quasi-Newton method; gy = 10 and M, = 1 or 5. In total 350 function evaluations
(function and gradient evaluations are counted as one evaluation) were performed. Columns
2-5 show the energies, column 6 shows the average z-component of the magnetization, column
7 shows the constraint violation measured by the function P, from (7.10), column 8 shows the
2- norm of the projected gradient.

iteration (r = rq) 1ot €4 €ex €an <mz> Pn(M) ||VHTI(M)”
1(3) 0.1624 0.1618 0.0001 0.0006 0.9944 1.42¢-04 1.72e-04
24) 0.1576 0.1553 0.0018 0.0005 0.9947 6.65¢-06 1.62¢-04
3(5) 0.1520 0.1418 0.0077 0.0025 0.9747 4.23e-06 9.86e-05
4 (6) 0.1519 0.1417 0.0077 0.0025 0.9746 3.85e-06 9.13e-05
5(7) 0.1519 0.1417 0.0077 0.0025 0.9745 1.68e—-06 8.85¢e-05
6 (8) 0.1514 0.1399 0.0087 0.0028 0.9711 6.38e¢-06 8.01e-05

The optimal solution fulfills

7

Z<@(q), (Vir®, (M) Py = — 1+5% Ve, (M)|I* < 0. (7.48)
1+ Ve P (M| 4

q

Furthermore, note that if VH‘I’,(M))@ is a Tucker approximation (as suggested in Sec. 7.4.3),
the inner product with the canonical tensors D9 can be carried out efficiently:

Let X = [C; VD, VO VO € T, and Y = [, UV, UP, UPY € Cur, then there holds (cf.
Ch. 4)

(X, Y) = vec(C)' (VOTUD o VO TU® o vV UM 2, (7.49)

which needs OR Y, rqng + R[1,ry + [1,r,) operations. O
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Table 7.3: Minimization with rank-1 update with Alg. 13. The same configurations as in
Tab. 7.2 but with grid spacing & = 1/200.

iteration (r =r,) e €q Cox Can (m) — PuM) [V, (M)l
1(3) 0.1613 0.1604 0.0003 0.0006 0.9939 1.97e-04 6.25e-02
24) 0.1602 0.1572 0.0026 0.0004 0.9960 1.07e-05 1.36e-03
309 0.1551 0.1508 0.0033 0.0009 0.9807 2.22¢-05 2.68e-03
4 (6) 0.1530 0.1463 0.0052 0.0015 0.9843 7.72¢-06 1.19e-04
5() 0.1521 0.1442 0.0060 0.0019 0.9807 5.82e—-06 9.49e-05
6 (8) 0.1519 0.1421 0.0075 0.0023 0.9746 4.25e¢-06 8.36e-06

Table 7.4: Minimization with rank-1 update with Alg. 13. Results for the vortex configuration
(5.32) [r. = 0.25] in the unit cube as initial magnetization with different CP ranks. Parameters
are Q = 0.05 (z-direction) and A = 8.45[[,,]. Grid spacing is # = 1/20 and no external field
is applied. The first column gives the iteration number in the outer loop and the corresponding
ranks in the brackets. In each outer iteration 8 iterations in qPM_CP were performed, while
no other stopping criterion was used. In total 519 function evaluations (function and gradient
evaluations are counted as one evaluation) were performed. Columns 2-5 show the energies,
column 6 shows the average y-component of the magnetization, column 7 shows the constraint
violation measured by the function P, from (7.10), column 8 shows the 2- norm of the projected
gradient.

iteration (r = r,) €10t ey o Cun (my) P,(M) IV M)||
1) 0.1610 0.0251 0.1097 0.0262 0.0978 4.32¢e-04 2.26e-04
2(3) 0.1606 0.0312 0.1031 0.0262 0.2035 8.97e-06 2.67e-04
34) 0.1585 0.0316 0.1025 0.0244 0.2034 494e¢-06 2.13¢-04
4 (5) 0.1570 0.0341 0.0978 0.0250 0.2256 3.86e¢—-06 1.91¢-04
5(6) 0.1569 0.0343 0.0974 0.0251 0.2306 2.25e-06 1.87e¢-04
6 (7) 0.1553 0.0322 0.0980 0.0251 0.2271 3.76e-06 1.80e-04

106



Table 7.5: Minimization with rank-2 update with Alg. 13. Results for the vortex configuration
(5.32) [r. = 0.25] in the unit cube as initial magnetization with different CP ranks. Parameters
are Q = 0.05 (z-direction) and A = 8.45[l,,]. Grid spacing is # = 1/20 and no external field
is applied. The first column gives the iteration number in the outer loop and the corresponding
ranks in the brackets. In each outer iteration 8 iterations in qPM_CP were performed, while
no other stopping criterion was used. In total 309 function evaluations (function and gradient
evaluations are counted as one evaluation) were performed. Columns 2-5 show the energies,
column 6 shows the average y-component of the magnetization, column 7 shows the constraint
violation measured by the function P, from (7.10), column 8 shows the 2- norm of the projected
gradient.

iteration (r = r,) €10t eq €ox €an (my) P,(M)  |[Vag¥.M)||
12) 0.1610 0.0251 0.1097 0.0262 0.0978 4.32¢-04 2.26e-04
2(4) 0.1573 0.0389 0.0908 0.0275 0.2897 2.10e-06 2.29¢-04
3(6) 0.1543 0.0352 0.0916 0.0275 0.2853 4.73e¢-06 2.09¢-04
4 (8) 0.1539 0.0364 0.0897 0.0278 0.2968 2.61e-06 1.77e-04

Table 7.6: Minimization with rank-1 update with Alg. 13 with external field in direction (1, 1, 1)
with strength ||k, = 1. Results for uniform magnetization in z-direction of the unit cube as
initial magnetization with different CP ranks. Parameters are Q = 0 and A = 11.30[/,,]. Grid
spacing is &4 = 1/40 and no anisotropy field is assumed. The first column gives the iteration
number in the outer loop and the corresponding ranks in the brackets. In each outer iteration
15 iterations in gPM_CP were performed. The final stopping criterion was a projected gradient
norm of less than le-5. In total 301 function evaluations (function and gradient evaluations
are counted as one evaluation) were performed. Columns 2-5 show the energies, column 6-8
shows the average x, y, z-component of the magnetization, column 9 shows the constraint vio-
lation measured by the function P, from (7.10), column 10 shows the 2- norm of the projected
gradient.

iter €ror €d €ex Cext <mx> <my> <mz> Pn(M) ”VH\PI(M)”

1(2) -0.7628 0.1691 0.0009 -0.9328 0.3666 0.3788 0.8703 7.22¢-03 2.16e-01

2(3) -0.8352 0.1638 0.0003 -0.9993 0.5774 0.5761 0.5774 8.27e-08 2.49e-04

3(4) -0.8352 0.1638 0.0003 -0.9993 0.5774 0.5761 0.5774 8.34e-08 9.36¢—06

107



7.6 Summary and Conclusions

The micromagnetic energy minimization problem was investigated with the additional con-
straint of structured tensor magnetization components on a Cartesian grid. For that purpose,

two distinct approaches were described:

1. Truncated iterations [Exterior approach],
2. Minimization within the representation [Interior approach].

Both methods have their weak points. Truncated iterations need a stable and closed format,
which allows application of rank - adaptive rounding. However, the storage requirements
in connection with rank increasing operations limit the usage of such formats. Especially,
element-wise operations on structured tensors are a serious stumbling block. In the exterior
approach the amount of rank increasing operations is very large. On the other hand, the second
concept [fixed format] complicates the optimization problem drastically, because the objec-
tive function gets more non-linear. It turns out that a combination of both approaches yields a

promising scheme, cf. Alg. 13:
3. Successive rank-k update scheme [Combined approach].

This method consists of an "exterior step’, namely calculating the rank-k update, and an ’interior
step’, minimization with respect to the new free coordinates. The ranks of the approximations
increase linearly with the number of outer loops. Nevertheless, a restarted version could be
considered: After a specific amount of iterations the current iterate is approximated with lower
ranks and taken as initial configuration for a restart.

There is still the question left whether the choice of descent direction can significantly improve
the method. Instead of the projected gradient, one could use the gradient of the penalty function
or variations of it. This directions might be cheaper to determine, since it is a CP tensor output
of the previous iteration.

In any case, larger grids can be used due to the sublinear scaling in the volume size.> Hence, the
discrete representation of the energy is more accurate. Also, large particles demand for larger

grids due to the required resolution in the order of the exchange length or domain wall width.

>The evaluation of the objective function and the gradient scales with O(1/h?), where h is the grid spacing.
This is sublinear, since the number of total grid points/computational cells is O(1/h%).
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Chapter 8

Non-Uniform FFT for the Finite Element
Computation of the Scalar Potential

Large portions of this chapter were previously submitted for publication as [15] and have been
reproduced here with permission of the co-authors. Content which was not generated by the

author of this thesis is explicitly denoted.

8.1 Introduction and Motivation

From the previous chapters the question is still left whether it is possible to successfully apply
tensor grid techniques to unstructured meshes, e.g. tetrahedral meshes from general geometries
Q) within a finite element (FE) approach.

If the data are not sampled on a structured grid beforehand, the first task would be to get them
on a tensor grid by some gridding procedure. The cost for this step has to be at least linear
in the data-size, since each location (e.g. node in the case of data from a FE-mesh) has to be
considered at least once. A micromagnetic algorithm (e.g. for computing the stray field), which
works with data from unstructured grids and tries to use ideas form tensor methods for func-
tion related (structured) tensors, relies on such gridding in each step of the iterative procedure.
Hence, it will scale at best linear in time.

Nevertheless, the idea of combining finite element computation with methods for structured
grids can be worth being considered. For instance in stray field calculations, one could benefit
from fast Fourier transform acceleration. The combination of gridding and fast Fourier trans-
form (FFT) dates back to the beginning of the so-called non-uniform fast Fourier transform
(NFFT) [80, 81]:

For the sake of brief discussion, assume arbitrarily located data points y ; € (-, j=1...M

202
and define for n = (ny,ny,n3): I, :={k €2’ | —-n/2 <. k <. n/2 - 1).
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The sums

M
fie = Z fie k30| f.e C (NDFT transposed),

Jj=1 (8.1)
g = Z f k) £ eC (NDFT),

kel,

are analogues of the discrete Fourier transform (DFT), so-called non-uniform discrete Fourier
transforms (NDFT). Observe, however, that a big difference to ordinary discrete Fourier trans-
form makes the fact that these sums are not inverse or unitary transformations to each other
in general. An exception is the case where the data y; are equispaced on a tensor grid with
M = n, which corresponds to discrete Fourier transform itself. Likewise, the above opera-
tions (8.1) generally have nothing to do with acquisition of data in the Fourier domain [82].
Fast methods have been invented, which break down the quadratic computational complexity
to O(HZZ | g log H;zl n, + M) in the case of non-uniform fast Fourier transform (NFFT). The
basic idea is to smear the data over a tensor grid by a gridding process and then apply FFT.
The data-smearing is undone afterwards. In the case of convolution with e.g. a Gaussian heat
kernel as gridding procedure, this step is a simple scalar division (deconvolution) in Fourier
space. For a tutorial the reader is referred to [83].

Remarkably enough, the convolution theorem for discrete convolution of equispaced data with
radial kernels generalizes to non-equispaced data [84]. Namely, consider a discrete convolution

of non-equispaced data, i.e.
M
P(x;) = Zcxj‘K(x,- —y) @ eR Xy, € (=L j=1. M i=1..N, (8.2)
=1

where K is some radial kernel function like, for example, the Newtonian kernel N (x) := 1/ ||x||.
Approximation of a smoothed version of the kernel by a Fourier series leads to a computational
scheme similar to that derived from the convolution theorem for equispaced data (convolution
is computed by the inverse Fourier transform of the product of the Fourier transforms of the
data a; and the kernel function), where (inverse) Fourier transform is replaced by the (adjoint)
discrete Fourier transform, also compare with Eqn. (8.21). The application of this idea for the
quadrature approximation of the integral representation of the micromagnetic scalar potential

(compare with Eqn. (2.23)) in two dimensions was reported in the reference [28].

In the following sections a first order polynomial (P1) finite element method is developed that
solves the set of partial differential equations (2.22) for the scalar potential and, which can be
considered as a significant improvement of the method from [28]. This is mainly due to the fact
that all numerical integration is done in a precomputation phase. Thus, all occurring integrals

can be computed numerically up to machine precision without increasing computational costs,

110



which makes the method faster and more accurate than the algorithm described in [28].

More precise, a splitting approach from [32] is used to derive two tasks:
e The solution of a Dirichlet problem, and
e The evaluation of the single layer potential.

The Dirichlet problem is solved by a usual Galerkin finite element ansatz. This can be done
in linear time, provided preconditioning of the resulting linear system or a direct solving strat-
egy (LU decomposition in the precomputation phase) is considered. The crucial part is the
evaluation of the single layer potential which is a quadratically scaling task, if done in a naive
way. Approximation of a smoothed version of the Newtonian kernel N(x) = 1/|x| by a Fourier
series leads to a computational scheme which is similar to the convolution theorem used e.g.
in integral methods [77], also compare with section 8.4. Based on FFT for non-equispaced
data (non-uniform FFT, NFFT) [80, 81, 83] and linearly scaling near-field correction, the
single layer potential can be computed efficiently. Subsequently, this solution is combined
with the finite element solution of the Dirichlet problem, yielding, in total, a complexity of
OM + N + (]_[2:1 ng)(log ]—[2:1 n,)) for N nodes, M surface triangles and n, being the number
of discretization points of a tensor grid in the g—th direction.

In section 8.7 a closer analysis of the error of the scheme gives rise to the scaling of O(M + N +

Nlog N) in the case of roughly uniform meshes.

In the last section of this chapter, the idea is briefly discussed of exploiting the structured tensor
representation of the smoothed kernel and to apply tensor compression on certain parts of the
convolution formula (8.21). In principle, in addition to the reduction of storage, this gives one

the opportunity to reduce the costs for the FFT-part, compare with section 8.9.

8.2 Ansatz of Garcia-Cervera and Roma

In the subsequent text H'(Q) denotes the usual Sobolev space, i.e.
H'(Q) := {u € L*(Q) | weak derivatives d,u € L*(Q), ¢ = x,,z}, (8.3)
and

H) (Q):={ueH'(C)|CcQ compact). (8.4)
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Consider the splitting of the potential into ¢ = ¢, + ¢,. Comparing with Eqn. (2.22) results for
¢1 = (@}, 95") € H'(Q) x H,, (@) in

~A¢™ =-V-m inQ,

. (8.5)
" =0 on 0Q,
where one sets gbi"’ —0inQ’. Hence, there holds [%] = —ag—f.
The second part ¢, = (¢4, ¢5") € H(Q) x H }oc(ﬁt) consequently fulfills
—~Agy" =0 in Q,
~AGS" =0 in Q'
[#2] =0 on 09Q, (8.6)
0 (9 int
[%] =-m-n+ :;’11 on 092,
¢5"(x) = O()  as [lxll — oo,
with solution given by the single layer potential
$a(x) = f g N(x —y)do(y), 8.7)
oQ
with the Newtonian potential N(x) = m and g(y) =m-n— 6252:[.

The advantage of this ansatz is twofold. First, Eqn. (8.5) is a Poisson equation with Dirichlet
data and, therefore, its Galerkin system after FE discretization is symmetric, positive definite
and sparse, and only has to be solved for free nodes, i.e. non-boundary nodes, see Sec.8.3.

Secondly, as pointed out in [32], the single layer potential in Eqn. (8.7) is continuous towards
the boundary and less singular than the double layer potential which arises in the ansatz of

Fredkin-Koehler [30] and hence can be handled numerically more easily, also see Sec. 8.5.4.

The potential (8.7) might be evaluated at boundary nodes, providing the Dirichlet data for
the Laplace equation in (8.6). Thus, an approximation of the solution ¢J" to (8.6) could be
determined by evaluation of the single layer potential at boundary nodes and subsequently
solving a Dirichlet problem —A¢4" = 0. In this connection, direct evaluation of the single layer
potential at boundary nodes in a naive way scales quadratically in the number of boundary
nodes.

However, the intention of the forthcoming sections is to evaluate the single layer potential (8.7)
on all nodes of a tetrahedral finite element (FE) mesh within a P1 finite element method. A
non-uniform Fourier approach is used, which yields the complexity O(M + N), i.e. linear in the

number of boundary elements and nodes of the mesh, respectively.
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Without any restrictions, the same idea of the fast evaluation scheme could also be applied for
the above mentioned calculation of the Dirichlet data for (8.6), followed by solving the arising
Dirichlet Galerkin system to obtain an approximation of ¢, at the free nodes.

Furthermore, the author wants to stress that this approach could also be adapted for the ansatz

of Fredkin and Koehler, which, however, will not be further discussed in this thesis.

8.3 FEM for the Dirichlet problem

For the sake of completeness, the finite element method for Dirichlet problems like (8.5) is
briefly described here.
Let Hé (Q) denote the Sobolev space with zero boundary condition.

The variational formulation of (8.5) reads:

Find the potential ¢, in the Sobolev space with zero-boundary conditions, i.e. ¢ € Hy(Q), such

that
fV¢>1-Vv:fm-Vv, (8.8)
Q Q

forallv e HOI(Q).

Eqn. (8.8) is now discretized on a tetrahedral mesh 7~ with elements 7, j = 1... M (here M

denotes the number of tet-elements) and nodes x;, i = 1...N, where affine basis functions

gog"'), a = 1...4 in each tetrahedron are used. The usual assembly process by local stiffness

matrices and load vectors leads to a linear system of size N X N, i.e. Sx = b. From the local

4 x 4 stiffness matrix Sgc") corresponding to the element 7', i.e.

ST, B) = |T)| Vel vl 7, (8.9)

loc

the stiffness matrix is computed by accumulation in a loop over all tetrahedral elements, i.e.

Sk, k) +=8"7 (8.10)

loc °

where k are the global indices of the nodes of element 7T';.

The stiffness matrix S then has the entries

M
akm=Zanm-Vnk, (8.11)
=1l

J

where ., k = 1...N is the nodal basis (also often called ’the hat functions’) of the space of
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T -piecewise affine, globally continuous functions (a N-dimensional subspace of the Sobolev

space H'(Q)). In a similar (’local to global’) way, the load vector has the entries

M
bk:meVnk, (8.12)
=1 VTi

where m itself is assumed to be a 7 -piecewise affine nodal interpolation. It can be implemented
by a matrix-vector product, where the matrix corresponds to the divergence operator, see [72]
for more details.

Note that, due to the known values of the solution at the boundary nodes (in the case of ¢, this
values are already equal zero) every Dirichlet system can always be rewritten to a system with
homogeneous boundary conditions. Since the nodal basis functions corresponding to free nodes
(non-boundary nodes) form a basis of the space of 7 -piecewise affine, globally continuous
functions that are zero at the boundary (a finite dimensional subspace of the Sobolev space

Hé (Q)), one, hence, only has to solve a subsystem, i.e.

S(fn. fr)x(fn) = b(fn) = (Sxp)(fn) =: b(fn), (8.13)

where fn and bn denote the Ny and N, indices of free nodes and boundary nodes, respectively.
The vector x,, is understood as the vector of Dirichlet data (in the case here discussed equal to
zero, thus 5( fn) = b(fn) ) extended to length N by zero-padding for indices of free nodes.

For an easily readable Matlab implementation in the 2-dimensional case the reader is referred
to the work [85].

The resulting system is reduced to the size Ny X Ny and is symmetric, positive definite and
sparse. The solution gives the weights of the nodal basis functions at free nodes. In the nu-
merical tests it is solved by using an ILU-preconditioned CG method, but algebraic multigrid
preconditioned CG or (onetime) LU decomposition with backward substitution and exploiting

the sparsity could be used, which makes the complexity for (8.5) linear in Ny.

8.4 Single-Layer Potential

While ¢, is determined in linear time by an ordinary FEM for Dirichlet problems, the direct
evaluation of the single-layer potential, i.e.

bo(x) = fa 50) NG =) doy), (8.14)

at boundary nodes or all nodes of a FE mesh would cost O(N, 5) or O(N,N) respectively, where

N,, is the number of nodes on the boundary and N the total number of nodes in the discretized
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domain Q.

In the following an efficient evaluation technique of (8.7) based on Fourier approximation of
the Newton kernel on an auxiliary tensor grid will be introduced.

Before going into detail, the main idea is briefly stated.

int
Note that in our Pl FE ansatz the first term of the function ¢ = m - n — —- is piecewise
affine, where the second one is constant for each surface triangle. For m - n the L?-orthogonal
projection onto the space of element-wise constant functions is applied by taking the integral

mean over surface triangles, i.e. 1/|S ;| fs “m - n. Thus Eqn. (8.14) in its discretized form reads
J

M
hx)~ Y g fs N@xi=y)do(y), i=1...N, (8.15)
J=1 j

where the § ; denote the M surface triangles.
Following the idea in [84], the kernel N(x) := N(||x]|) = 1/x, x := ||x]|| is split in a singular and

smooth part respectively, i.e.

N(x) = (N(x) = Ny(x) ) + Ny(x), (8.16)
—_——

=: NNF

where N(.) is some approximation of N(.) on an interval [€,5], 8 > € > 0 (see Sec. 8.5.3),
which is defined on the whole real axis and entirely smooth. Nyg(.), on the other hand, is a
‘near field’ correction. The corresponding multivariate functions is denoted by N(.) := Ny(|.||)
and Nyr(.) := Nyr(|l.]]), respectively.

The approximation scheme (8.15) gets the form

M M
$a(x;) ~ Z gjfs Nxr(xi — y)do(y) + Z gjfs Ni(x; — y)do(y) =: ¢37(x;) + ¢3(x).
=1 j =1 j
(8.17)

Note that the near field part )" only has to be computed for elements that have less or equal
distance than € to the target point x;, i.e. Nng has small support. For the (weakly) singular
cases, i.e. x; € § ;, a simple integral transformation is used, see Sec. 8.5.4.

The fast computation of the part ¢; is achieved by approximation of the smooth kernel N, by a
Fourier series:

For the sake of simpler notation, assume a scaled domain, i.e. Q C (=1/4,1/4)3, such that the
arguments of N liein T := {x e R* | —=1/2 <. x <. 1/2}.

The smooth kernel N; is approximated by its Fourier series on T, where <. means component-
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wise <, i.e.

Ny(x) ~ FN, = Z ci(N,) e, (8.18)

lel,

where I, ;== {l € Z° | —n/2 <.l <. n/2 — 1} and the Fourier coefficients

(N, = f N, (x) e 7 dyx. (8.19)
T

Inserting (8.18) into ¢3 in (8.17) and exchanging summation order yields

M
¢5(x;) = Z ci(N5) ( ; g f e dor(y) ) 2l _ Z JL/ il (8.20)

lel, Si el —c\ Ny by

=:b;

The latter sum is a non-uniform discrete Fourier transform (NDFT), which can be computed
efficiently using FFT in O(|1,|log|l,| + N) operations by so-called non-uniform fast Fourier
transform (NFFT), [27].

The efficient computation of the tensor B = (b;),;, will be discussed in the next section.

Overall, the approximation scheme for ¢ has a similar form as the well known convolution

theorem for equispaced data, i.e.
¢ = NFFT((ci(N.),e,,  B). (8.21)

where e denotes element-wise multiplication and 8 is some generalization of an adjoint non-

uniform discrete Fourier transform [83] to an ’integrated Fourier basis’, i.e. fs e T ldo(y).
J

Remember that the starting point was the splitting N' = Nyr + N, where, due to the Fourier

series approximation of N, i.e. F N, the splitting of N reads now
N=WN =Ny +FN;+(N; = FN;). (8.22)

Only the approximation N =~ (N — Nj) + F N, = Nyr + ¥ N, is taken into account, which
introduces the error N —F N, which, however, can be controlled by the size of the tensor grid,
1.e. n = (ny,ny,ns3), and the near field e, cf. definition of Ny in (8.16). Analysis of the error
in connection with the choice for approximating N by a smooth function N; in the far field

region, see Sec. 8.5.3, will be given in section 8.7.
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8.5 Non-Uniform FFT for the Single Layer Potential

For the computation of the tensor B with entries b; = Zjﬁi] g fS/ el do(y) one goes similar
lines as for the efficient computation of the adjoint non-uniform discrete Fourier transform
(NDFT) [83].

The essential step is a gridding procedure of the data (g;) ;= and FFT of the resulting tensor
containing the smeared’ source strengths. Hereby, gridding is done by convoluting the data
with localized functions, whereas this is undone in Fourier space. The result is a generalization
of the discrete Fourier transform to non-equispaced data.

First a well-localized univariate window function ¢ is introduced, e.g. a Gaussian function or
Kaiser-Bessel function, see Sec. 8.5.2 for more details, with a uniformly convergent Fourier

series of its 1—periodic extension, i.e.

2(x) = Z o(x + 7). (8.23)
rez
For 3 dimensions one simply takes the tensor product of the univariate functions to obtain a

multivariate window function, i.e.
_ 3
o) = | 7). (8.24)
g=1

For ease of computation, the truncated version of ® is introduced with some truncation (or

cut-off) parameter m < min,_;_3n,, m € N, n = (ny,np,n3), i.e.

3
P = | [F ) xm 2 (), (8.25)

q=1

where y is the indicator function '.
Then an auxiliary tensor A = (a,),;,, 1s computed, where @ > 1 is an over-sampling factor,

1.e.
M —_—
a =Yg fs P(re(an) —y)do(y), (8.26)
j=1 i

where e denotes element-wise multiplication and (o n)~' is meant component-wise and corre-
sponds to the mesh size of the auxiliary tensor grid, see Fig. 8.1.
Formula (8.26) can be seen as gridding of the source strengths g; on an auxiliary tensor grid of

size |, ,|. The desired tensor B = (b;);e;, in (8.20) can be computed by the Fourier transform

IX[a,b](x) = 1 for x in [a, b] and O else.
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of A. More precisely, a function f is defined according to the definition of A by

M
f@ =) g fs O(x — y) do(y).
j=1 j

(8.27)

By expressing the Fourier coefficients of f in two different ways, one will end up with a simple

formula for computing the tensor 8.

First the Fourier coefficients of f (cf. (8.27)) are approximated by the trapezoidal rule for I € I,

and @ by the truncated version ¥ in (8.25), 1.e.

o ul

. 1 M _ . |
a(f) = fo(x) el dy ~ Z (; gj ﬁj Y(re(a n)”! -y) dO'()’))e_z’”("'(an) M

rely,

=a,

which can be computed by a multivariate FFT of the tensor A.

(8.28)

On the other hand, one also obtains an approximation of ¢;(f) by inserting the truncated Fourier

series of @, i.e.

D(x) ~ Z (@) ¥,

lel,

into the expression for the function f, i.e.

M
f(x) =~ IZI (Zl 8j c,(@) j; e_Z”iy'l do-(y))ebrix-l
&lp  J= j

=ci(f)

— Z (c,@) igi f o2yl do_(y))eZHixJ.

Iel, j=1 S

=by

Thus, the following relation holds (I € I,,):

b = ci(f)]ci(®D).

(8.29)

(8.30)

(8.31)

(8.32)

Overall the computation of 8 consists of computing the coefficients ¢;(f) in (8.28) by a multi-

variate FFT of the gridding tensor (A, followed by element-wise division by the precomputed

coefficients c,(a).

Hence, these two steps together scale O(|1,,] 1og(|1,4]) + |1,]). As will be shown in the next
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section, the computation of the gridding tensor A can be done linearly in the number of surface
elements, i.e. O(M). Hence, in total, computing B scales O(M + |I,,| 10g(|1,4]))-
Observe that, alternatively to the above procedure for computing the tensor 8, one also could

have directly transformed the expression into a discrete sum by using quadrature, i.e

M M QO

0
b = Zgj f; e vl do(y) =~ Z Z W;s8; e Wit = Z oy e 7wl (8.33)
j k=1

=1 j=1 s=1

where £ is a long index, e.g. k = j+ (s — 1)M. Eqn. (8.33) could then be computed by a
standard adjoint NFFT [27] in O(Q + |l,a| log(I1,x)), QO := Zjﬁil Q, operations, also compare
with [28]. Since the number of quadrature points Q might be very large, this approach is rather
impractical. For that reason, the proposed method uses Eqn. (8.32) for the computation of the
coeflicients b;, where the integrals can be precomputed in a setup phase of a micromagnetic
simulation, compare with Alg. 14.

However, at least it gives us a direct analogy to the standard adjoint NFFT. In particular, the
choice of window functions can be justified, since, basically the same error estimates with
respect to the cut-off parameter m and over-sampling factor « hold for the (standard) NFFT
and the proposed method, see Sec. 8.5.2.

8.5.1 Computation of the Gridding Tensor
Remember the computation of the tensor ‘A (compare with (8.26)), i.e.
M —~
a, = Zgj f Y(re(an)" —y)do(y). (8.34)
j=1 S

The aim is to compute (8.34) through sparse summation by exploiting the locality of the func-
tion .

Assume further that the domain is scaled into the hypercube (—1/4,1/4)3, hence there also
holds Q c T.

A triangle of the surface mesh is givenas S; = {yg ;, ..., Y5> Y ; # ¥ j» for k # I} where

YeS;je 6,6 €My =y.;+&0;—Yo,) + &0~ Yo ) (8.35)

where A denotes the unit triangle in 2d.

In order to achieve linear complexity in M one defines a subset of /,, for each surface element
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S ; that ensures that r e (@ n)™' — y in (8.34) lies in the hypercube ><2:1 [—mn,', mn_'], ie.
Linm(S ) :i={l €Ly | -mn™ < (an)y ' ol-y< . mn' yeS;} (8.36)
={lelyplyoean-ml< . I<.yean+ml,yeS;} (8.37)

The g—th component of (8.36) is denoted by Ié",),’m(S i), where the g—th components of the
vector expressions in the definition is used.

For the sake of computation one may rewrite
19.8)=1{,€l% an, min YO —m<l, <an, max YO 4 m)., (8.38)
yes yes

(@] . (@) .

From (8.35) it is easily seen that for the expressions y '.*' := minycg, y@ and yy! = maXyes; Y@

in (8.38) simply holds

@.j _ : (N
Ymin = kl;%}llzl2 yk (839)
(9).J (9)-j
= max . 8.40
Ymax kzo’l’z)’k ( )

Due to the assumption Q C T, there holds IIC(,q,),,m(S AN <2m+1+an, maxj-;_u |y§£’xj - yfgi)r’lj | =:

my and | Iy (S )| < [1,my =: p. Fig. 8.1 shows the index set Iéq,f,m(Sj).
The tensor A in (8.34) is now computed by only using the index sets I,,,(S ;) in O(uM) oper-

ations:
e Initialize A with zeros

. 3 -1_
e For j = 1...M calculate the vector (g j fsj Y(len "' —y) da'(y))lelmm(sj) of length at most

u and add the corresponding components to A.

Here, the integrals are precomputed, since they only depend on the given mesh. One may store

the sparse matrix

A= (f Pl en™ - y)do(y)) (8.41)

S J=l M IEly qn(S )
J

Note that the above procedure for computing the tensor (A is nothing else but a transposed
sparse matrix-vector multiplication of A with the (column) vector g = (g;)j=1..u, 1.€. vec(A) =
(g"A)".

Nevertheless, since the integrals of (8.41) are smooth functions in the parameter I, one can
think of tensor compression for the rows, i.e. A(j,:) € ®Z:1 RIS:IZ”"(S i, reducing the storage to

w' M for i’ < u depending on the tensor format and the accuracy. Tab. 8.1 shows examples for
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Figure 8.1: The g-th component of the index set I,,,,(S ;) (filled dots). g denotes the space
direction, §; is one surface triangle, n = (n;,n,, n3) the size of the tensor grid, a the over-
sampling factor, m the truncation parameter. yfgi)r’f)max is the left and right most corner of the
triangle, respectively. 1/(an,) is the mesh size of the grid in the g-th direction. Reprinted form

[15]

Table 8.1: Compression of A from surface mesh of a sphere by the Tensor Train format with
accuracy le-8 measured in the relative Frobenius norm. n, = 72, a = 2.

# surface elements m full (mb) compressed (mb)

1.3e3 5 48 14
2.6e3 5 77 20
1.3e3 6 73 15
2.6e3 6 120 21

compression rates using tensor train (TT) approximation [68].

A further possibility to reduce storage is the usage of low rank tensor interpolation for a
parameterized version of the integral in (8.41). More precise, the coordinates of the vertices of
a general triangle give nine parameters and / additional three. Allowing this parameters to vary
in an interval, one gets a (smooth) multivariate function defined on a tensor product domain.
Multivariate Lagrange interpolation of this function with (black box) tensor compression for the
coeflicient tensor would give one the possibility to efficiently evaluate this interpolation. Hence,
instead of precomputing the sparse matrix A one could precompute the structured coefficent
tensor of the interpolation (e.g. in canonical format this leads to O(Rm) storage costs for m
interpolation points in one dimension and rank R.) and calculate the entries of A on the fly. The

idea of tensor interpolation of parameterized intergrals in connection with fast computation of
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BEM matrices is the core of a recent PhD thesis [86].

8.5.2 Window Functions

In [87, 88] it was shown that, in the case of Gaussian, Sinc, cardinal B-splines or Kaiser-Bessel
window functions, the error for (adjoint) NFFT decays exponentially in the cut-off parameter
m.

Hereby, Kaiser-Bessel functions have the fastest decaying error bound. For n € 2N one defines

the univariate Kaiser-Bessel function

sinh(b \/m2—(an)?x2) |)C| < m

7 \m?—(an)>x? ’ Toan
@(x) := 2 ] = 2 (8.42)

sin(b \/(an)?2x2—m?2)

b
7\ (an)?x2—m?

where b := (2 — 1/a). The Fourier coefficients are given by

Ly bz_%z, kl < 1-L
(k) = anlo(m[D? = (Z5)%), |kl < an(l - 5;) (8.43)

0, else,

else,

where I is the modified zero order Bessel-function of the first kind.
For the univariate setting a bound for the relative error produced by NFFT is [88]

Cla, m) = 4n(\m + m)(1 = 1/a)"* exp(=2nm /1 = 1/a), (8.44)

which already indicates small errors for m about 4 and a = 2, see Fig. 8.2.

Note that this error bound is independent of n and M.

Since the method for computing 8 is mathematically equivalent to a NFFT if just accurate
enough quadrature is used (compare with (8.33)), it makes sense to compare with the theoretical
error bound (8.44) for standard NFFT. In this context, also note that the computation of B is
stable regarding round off errors [88]. Fig.8.2 shows the cut-off parameter m versus the relative
error in the maximum-norm, i.e. max; |8 — Bexactl/ Max;|Bexact|, for a triangular mesh of the

surface of a sphere, randomly chosen values g; € [-1,1] and a = 2.

8.5.3 Kernel Approximation

Focus now on the approximation of the Newtonian kernel NV in a region [€,5], 8 > € > 0,
where one sets 8 = 1/2 due to the scaling convention Q C (—1/4, 1/4)>.

As described in [76] the kernel N(x) = 1/|x| can be approximated by exponential sums in an
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Figure 8.2: Relative error for the computation of 8 using Kaiser-Bessel functions, as defined in
(8.42), on a triangular mesh (M ~ 3e2) of the surface of a sphere and randomly chosen values
gi€l-1,1l,a=2and n, =32,q = 1...3. Reprinted form [15]

interval [1, R], i.e.

s s
NGO = No(x) = Y age ™ = )" o NP(), (8.45)
k=1 k=1

where the weights w; and nodes y;, were computed for several configurations of the parameters
R, S and uniform absolute error bound err. A simple transformation of the weights and nodes

yields a corresponding approximation on the desired interval [e, 1/2], i.e.

Wirans = W/ Amin (8.46)
Ytrans = ’)//hrznm (8.47)
€rTians = €r7 [ Ngin, (8.48)

where A := 1/(2 VR).

For the numerical tests the computed values for 1/+/x with S = 21 and R = 7e4 from [89]
are chosen, yielding a uniform error of 5.79¢ — 06 in [1.89¢ — 03,5.00e — 01]. Depending on
the actual near field €, the expansion (8.45) is truncated, taking only S’ < § terms, in order
to have an accurate approximation only in the sub-interval [e, 1/2]. Fig. 8.3 shows the smooth
approximation N(.) for different number of terms in the expansion (8.45). Also see Fig. 8.6 in

section 8.7 for the dependence of e on S”.
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Figure 8.3: Approximation of N(x) = 1/|x| by exponential sums. Reprinted form [15]

Note that N is a sum of separable functions, i.e.
SI
Ni(x) = Z W NP (x)) N (x2) N9 (x3). (8.49)

k=1

Thus, the Fourier coefficients of N can be computed by the trapezoidal rule, i.e.

. 1 -
a(Ny) = f/\/s(x) el dy ~ - Z N, (r o n~") e 2mkren 1y
B qul ng rel,
3 10 N (8.50)
=2 o [ [ D) MPumg i) = 5o (V@ (N (),
S I k=1
=T (N

where the Eq (Ngk)) are the approximations (trapezoidal rule) of the Fourier coefficients ¢;, (Ngk)) =
1/2
-1/2
When discretized on a tensor grid, (8.49) and (8.50) are canonical tensors of rank S’ (previ-

N®(x,) e 2m%ls dx,,, which are computed using one-dimensional FFT.

ously denoted as C,, 5/, cf. section 4.2). This fact allows one to store only S’ Zf]: | ng complex
numbers, instead of HZZI n, for all Fourier coeflicients of the multivariate function N;. How-
ever, additional O(S’) operations have to be performed on runtime to calculate one entry of the

tensor ¢;(N;) from its factorized representation (8.50).
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8.5.4 Near field correction

The near field correction is determined by (cf. (8.17))

M
)~ g fs Nre(x; = ) dor(y). (8.51)
j=1 j

Since Nnr has small support, (8.51) only has to be computed for surface elements that have

less or equal distance than € to the target point x;, i.e. for summation only the index sets

I, (x) = (j € {1,.... M} | d(x;.S )) < e}, (8.52)
are used, i.e.
Y@y g f Nae(x; = y) dor(y). (8.53)
JEINF (X)) Sj

It can be verified in a straight forward manner that there holds the following set relation:

N M
| e e i = )7 x e (S ), (8.54)
i=1 j=1
where
Ing (Sj) :={ief{l,...,N} | d(x;,S) < €}. (8.55)

By using the relation above, one can sum up (8.51) in a similar way like the gridding tensor in
O(M) operations, cf. Sec. 8.5.1, i.e.

e Initialize ¢)* with zeros

e For j = 1... M calculate the vector (g j fS Nne(x; —y) d(f(y)) and add the corre-

iEINFE(Sj)
sponding components to ¢5'".

The integrals are again precomputed and stored in a sparse matrix. For reasonably uniform
distribution of nodes nearby the boundary, one may assume that v := max |Ing (S ;)| 1s much
smaller than N. The complexity of the calculation of ¢ is therefore at most O(vM).

For the (weakly) singular cases in (8.51), i.e. x; € S ;, one can use the following substitutions.
Assume S ; has the vertices x;, x, and x3 and one wants to evaluate at x,. The triangle S ; is

parameterized by
p:Ay— R3, (5,0) > X2 + s(x; —x2) + t(x3 — Xx1), (8.56)
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where A is the unit triangle in the plane. After the substitution s — s and t — st with Jacobian
determinant |J| = s the integration domain gets the unit square in the plane and the integral gets
non-singular. Thus, one can treat it by tensor product Gaussian quadrature.

For more information the reader is referred to [90].

8.6 Numerics

The tests were taken on a Linux Workstation with a hexa-core AMD Phenom II X6 1090T
processor and 16 GB RAM. Matlab 7.13.0 and the C library NFFT 3 [27] were used.

Alg. 14 shows a pseudo-code of the described method for solving problem (2.22) by the
ansatz (8.5) and (8.6) using the proposed fast evaluation scheme for the single layer poten-
tial. Whereby, the total algorithm is divided into a setup and a computation phase. In any
micromagnetic solver the computation phase is part of the effective field evaluation, which has
to be done at every step of the iterative solution procedure. The setup phase only depends on
the geometry of the problem and thus has to be done only once for a given problem. In the
following, it is shown that the computational effort for the computation phase scales linearly
with the problem size. In Alg. 14 for computing the magnetic scalar potential the first step of
the computation phase is the solution of a Dirichlet problem for ¢;. Since the problem is sparse
and the LU decomposition is done in a setup phase the complexity is linear. The numerical
experiments in this section also show linear complexity for the computation of ¢,.

First the method for computing the single layer potential is tested for a cube. Fig. 8.4 shows
the cpu-times in seconds of the different parts of the algorithm for randomly chosen values
gj € [-1,1]. The parts gridding and fft correspond to the computation of the tensor 8, com-
pare with (8.32), where times for the element-wise division with the precomputed Fourier co-
efficients of the window function were included in the times for the FFT. The times for the
element-wise multiplication of the Fourier coeflicients of Ny and B are suppressed, since they
are negligible. For the NFFT the C library NFFT 3 was used. Moreover, the setting m = 5,
a = 2 and n, = 48, both, in the gridding method as well as in the NFFT was used. Further,
€ was chosen such that v in the complexity of the near field correction was below 3e2. The
smooth approximation of N was truncated after S* = 6 terms. One can observe linear com-
plexity of all parts except the FFT that is constant for constant n,. Note that the NFFT is linear

in the number of nodes of the mesh.

Next the method is compared for the case of uniform magnetization, i.e. m = (0,0, )T, M, =1,
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Algorithm 14 FEM/BEM-NFFT for the scalar potential

Require: m € (H'(Q))’, mesh 7 of Q c (=1/4,1/4 ¢ T, n € 2N*, ¢ > 0, m € N,
aeN,a>2

Ensure: ¢ € H'(Q)
Setup

e Compute the LU decomposition of the stiffness matrix and the linear operator for the
RHS, cf. Sec. 8.3

e Compute the matrix A from (8.41), cf. Sec. 8.5.1
e Compute the Fourier coefficients of the window functions from (8.43), cf. Sec. 8.5.2

o Compute the Fourier coefficients of the Kernel approximation, i.e. (¢;(N5)); »
cf. Sec. 8.5.3

e Compute the integrals of the near field correction, cf. Sec. 8.5.4
Actual computation

e Solve the linear system (8.13) for gb’i’”

e Compute ¢3:

— Compute the tensor A in (8.34)

Compute the multivariate FFT of the tensor A, cf. (8.28)
Compute the tensor B by formula (8.32)
Compute D := (ci(Ny));, ® B
Compute the NFFT of D to obtain ¢3, cf. (8.21)

o Compute ¢)" as described in Sec. 8.5.4
oo
(pmt «— ¢llm + ¢12nt
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Figure 8.4: Cpu-times (sec) versus number of surface elements for the calculation of the single-
layer potential in a cube. n, = 48, @ = 2 and m = 5. Reprinted form [15]

in a sphere with radius R and center at zero, were the exact solution is given as

_ X®
¢ (x) = 5 (8.57)
ext 3 x(3)

¢“"(x) =R S (8.58)

which can easily be verified by inserting into (2.22). The same parameters as in the first ex-
periment were used. Fig. 8.5 shows number of nodes versus the maximum of the point-wise
absolute error at the nodes of the mesh, i.e. [,-error, of the computed solution in Q compared
to the analytical value. One observes linear error decay.

Note that ¢{" = 0 (compare with (8.5)), since V - m = 0 in Q. Hence, this example only tests
the computation of ¢,, cf. (8.6).

In order to include the computation of ¢, in the tests, take the example m(x) = x/||x|| in a

sphere with radius R and center at zero with exact solution

¢ (x) = ||Ix|l - R, (8.59)
¢“'(x) = 0. (8.60)

Since ¢ is zero at the boundary, there holds ¢™ = ¢!" in (8.5) and [‘%] = 0, hence ¢, = 0

in (8.6). Nevertheless, in the numerical test also the computation of ¢, through (8.7) were
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Table 8.2: Errors for magnetization m(x) = x/ ||x|| in a sphere with radius 0.2 and center at zero
measured in the L*(Q)-norm, H'(Q)-semi-norm and H'(Q)-norm.

# elements

# nodes

Il-llz2()

|-|H'(Q)

-l @)

3058 678 1.0e-3 9.9e-3 1.0e-2
7188 1490  8.9e-4 7.7e-3 7.7e-3
14169 2232 7.2e-4 3.0e-3 3.le-3

included. Tab.8.2 shows the errors in the L,(Q)-norm, H'(Q)-semi-norm and H'(Q)-norm, i.e.

||¢ - (bappr”Lz(Q) = (L((b - ¢appr)2(x) dx)l/za

2 1/2
LZ(Q)) ’

) ) 1/2
LZ(Q) + |¢ - ¢appr|Hl(Q)) ’

3
|¢ - ¢appr|H1(Q) = (Z ||6q(¢ - ¢appr)
q=1

||¢ = Pappr

HI(Q) = ( ||¢ - ¢appr

(8.61)

(8.62)

(8.63)

respectively, which was calculated by taking the nodal interpolations of the exact and computed

solutions. The parameter setting n = 72, @ = 2 and cut-off parameters m = 5 was used. Note
that the H'(Q)-semi-norm and thus the H'(€)-norm take the errors of the stray field by, = —V¢

into account.
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8.7 A Closer Look at Errors and Complexity

Remember that the approximation for the single layer potential (cf. section 8.4) is split into a

near field correction and a smooth part, i.e.

M M
hrx) > Y g fs Ne(x; = y) dor(y) + ) g; fs Ni(xi = y) do(y) =2 5¥(x) + $3(x).
j=1 i j=1 i
(8.64)

The scheme for the smooth part written in a compact form (also compare with (8.21) and (8.32))

reads
¢ ~ NFFT((c/(Ny)) ey, ® (FFT(A)/ci(D)),,,)- (8.65)

As pointed out in section 8.5 and also numerically tested in section 8.5.2, the error that arises

from approximating the tensor 8 with entries b; = ¥, g; fs el da(y), ie.
J

B ~ (FFT(A)/ci(D)),, » (8.66)

behaves like that for the standard NFFT. The error bound in section 8.5.2 shows that this error
decays exponentially with increasing cut-off parameter m and is independent of the tensor grid
size |1,,].

In order to be able to analyze the error dependence on n of the whole scheme (8.64), one has to

look at the kernel splitting in more detail, i.e.
N =N =Ny +FN;+(N; =FN,). (8.67)

In the scheme (8.64) with (8.65) for the smooth part, the contribution of N, —% N is neglected.
Thus, the error occurring from the approximation of the smooth kernel approximation N, by
its Fourier series approximation ¥ N, has to be analyzed. Moreover, in order to get linear
complexity in the near field correction, (N — N)(x) = 0 is assumed for ||x|| > €. Due to the
approximation by exponential sums, compare with section 8.5.3, this yields a (uniform) error in
the interval [e, 8], which is denoted as Eng in the following estimate. Overall, for the essential

error arising in the summation in (8.64) holds

@Y (x) + 95x) — (BT () + F3)] < 109 gl (Ene + max IN,(x) = FN(0)] ), (8.68)

llell<3
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where ¢12\IF(xl-) + &';(xi) denotes the computed values and ||g||, := Zﬁil gl
Due to the tensor product structure of the Fourier coefficients of N (compare with section 8.5.3),

also the Fourier series approximation has this structure, i.e.
SI
FN() = > o FNO ) FNE () FNO(xs). (8.69)
k=1

It follows

S/
max [N, () = FN Ol = ) leogl max [N 0xe) NP e) NO(es) = FNE () FNE () FND ()

Ill<3 =1 i<y

S’ 3
k k
< ) Celand ) max NP (x,) = FNO(x,),
k=1 g=1 llxll<y

(8.70)
where an telescoping sum like abc — abc = (a —a)bc + (b - E)Zic + (¢ — Oyab was used and C,,
is an upper bound for the products bc, ac and ab.

Adapting the proof of Th. 3.4 in [91] for the univariate case, the error max l |N§k)(xq) -
Xg<3

FND (x,)| for NO(x,) = e77 can be estimated by

max [N (x,) = N @)l < A ) + By 1), (8.71)

)Cq<§

@ . n, (@) —('P)? (@) — (q)
where n,” := 7 and AWy, n?) ~ e %" and By, n,") ~ e 4 n?.
()

The consequences of (8.71) are twofold. First, for small y; the term B(y,7,”) only gets small

for large n,, whereas for large 7y, this term is negligible. In the first case (small y;) one can use
boundary regularization or further scaling the domain Q into, e.g., (=0.2,0.2)>. This reduces
the error Nf,k) - 7"N§k) in general, [91].

On the other hand (8.71) suggests to choose n, in the order of /y, i.e. n, ~ +fyx, such that
7@ > 1 and thus A(y;, 7"
By reducing the number of terms in the exponential sum of N, one can observe an expo-

) is small.

nential increase of € (the left border of the interval of validity for the uniform approximation,
cf. Fig. 8.6), e.g. linear fitting gives, for the certain choice of the coefficients w; and vy, in
section 8.5.3, loge ~ —0.28311S5’ — 0.15471. Moreover, ;- increases exponentially with in-
creasing S’; linear fitting gives logys, ~ 0.57352S’ + 6.5187. Thus, one gets approximately
ys: ~ 1/€*9%8, Fitting with coefficients from the precomputed list with § = 28, the same
R = Te4 (yields the same interval of validity for the uniform approximation as that from sec-
tion 8.5.3 but with the lower error 2.34e-08) gives the similar estimate yg, ~ 1/€>%*°. Finally,

fitting with coefficients corresponding to lists with different R (means different interval of va-
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Figure 8.6: Dependence of the absolute error on the number of terms of the approximation of
the function 1/|x| by exponential sums with nodes/weights from section 8.5.3.

lidity for the approximation with all S terms) confirm the trend ys. ~ 1/€.
This, in connection with n, ~ <[y, gives an approximate asymptotic relation between the

tensor grid size n, and the "near field” e which is about
n,=0(™"). (8.72)

Now, linear complexity of the near field computation requires that v := max |Ixg_(S ;)| is much
smaller than the total number of nodes, i.e. N, cf. section 8.5.4. Assuming that the nodes near
the boundary are reasonably uniformly distributed, means that the *e—balls’ Ixg (S ;) contain
about the same number of nodes, namely v. If the even more idealistic assumption is made that
the whole mesh is roughly uniform, then the volume of an e-ball is proportional to the ratio
v/N, i.e. there should hold approximately € ~ (v/N)'/3.

Together with (8.72) this combines to

n, = O(N'?). (8.73)

Since the complexity of the proposed scheme for (8.64) is O(M + N + (]‘[f]:1 ng)(log H3:1 n,)),
the assumption of a roughly uniform mesh, together with the error investigation above, gives

rise to the scaling

OM + N + NlogN). (8.74)
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8.8 Computing the Stray Field

Here is briefly described how to derive the stray field from the finite element solution of the

scalar potential of the previous sections.

The P1 finite element method yields the approximated values u; of the scalar potential at the

nodes of the mesh. This defines a unique (P1) nodal interpolation, i.e.

P(x) =

1

i (%), (8.75)

N
=1

where the 7; are the nodal basis, compare with section 8.3.

From nodal interpolation:

The approximation of the demagnetizing field (stray field) h, = —V¢ is therefore the element-

wise constant function (PO)

ho(x) = = ) 1 V(). (8.76)

N
i=1

Within one tetrahedron T';, the (approximate) scalar potential is the affine function

4

6 I~ Y ey (), (8.77)

a=1
where for the affine element basis functions holds (,oﬁff )(xﬁ) = Oop (Kronecker-¢0). The stray field
approximation in each element has therefore the constant value

4

ha@) I/~ ) ua Ve (8.78)

a=1

From mass-lumping and midpoint rule:

In order to get a P1-approximation of the stray field one can use the approach from [72]: Two

different approximations of the demagnetizing energy

E,=-2 f M2m - hy, (8.79)
2 Jo
are compared in order to derive a gradient operator (matrix). Here physical units for the energy

are used (in contrast to reduced units, see Sec. 2.2).The first approximation ansatz is

M
B h,, (8.80)




where h,; is assumed to be a vector of length N containing the values of the stray field at
the nodes and u a vector of length N containing the volume- and spacial averaged magnetic
moments at the nodes. The latter one is assembled in a usual local to global process by a loop

over the elements
[
uldo) += 2 M T, (8.81)

where k are the global indices of the nodes of element 7.

This approximation can be rewritten as

oM

E; ~ —TsmTLhd, (8.82)
where m = (m(lx),m(ly) ,mﬁZ), . ,mx),mg),mg\?)T € R3V*! is the mesh vector of the unit mag-

netization and L a 3N X 3N diagonal matrix which consists itself of 3 x 3 diagonal blocks

diag(pe;, pi» ;).
The second approximation is done by midpoint integration of (8.79) over all elements and —V¢

inserted for the stray field, i.e.
poM;
Ejx =% | m-Vg, (8.83)
2 T
TjET J
which yields a similar equation like (8.82), namely

.UOM% T

E;~ > m Gu, (8.84)

where G is a sparse 3N X N matrix (it is the transposed matrix of the divergence matrix which
is used for the right hand side in section 8.3) and # = (u;),-;._n the vector of node values of the
scalar potential.

Comparing (8.82) and (8.84) yields

h, = -L'Gu. (8.89)

Table 8.3 shows the errors of the stray field for the flower state in the unit cube in [18] with the
same reference value and computed by (8.85) and (8.82). The scalar potential is calculated by
the FEM/BEM-NFFT algorithm described in this chapter.

From variational formulation
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Table 8.3: Errors of the stray field energy (reduced units) for a flower state in the unit cube
computed by (8.85) and (8.82).

# elements #nodes energy error in percent

6000 1331 0.157 24
10368 2197  0.156 2.2
24576 4913 0.155 1.2
93750 17576  0.152 0.7

The method above is a special way to solve the variational (projection) problem

fhd-m:—fVQS-m, (8.86)
Q Q

for all m € H'(Q). Namely, within a P1 discretization of (8.86) the RHS is treated by the
midpoint rule, yielding —m! Gu, where the LHS is approximated using (8.81), yielding m! Lh,.
Alternatively, one can use a different Galerkin FE ansatz (e.g. higher order) and use appropriate

quadrature, for instance by using the finite element package FEniCs [92].

8.9 Summary and Discussion

A P1 finite element method for the computation of the micromagnetic scalar potential was
introduced, which is based on the ansatz of Garcia-Cervera and Roma. The potential is com-
puted by a splitting ¢ = ¢ + ¢», where ¢, is solved by a Poisson equation with zero Dirichlet
boundary conditions and ¢, by evaluation of the single layer potential. The contribution is the
development of a method to compute the single layer potential at all nodes of a tetrahedral
mesh in linear time (or almost linear, see section 8.7) by means of Fourier approximation of a
smoothed kernel and near field correction.

The discretized integral operator splits into a part with smooth and singular kernel. The latter
one has small support and therefore allows a computation by sparse summation, while for the
smooth part Fourier techniques can be applied. Due to the unstructured FE-mesh, generaliza-
tions of discrete Fourier transforms arise, which can be implemented efficiently.

Overall the method scales both linear in the number of surface elements and nodes, whereas
the usage of an auxiliary tensor grid gives an additional almost linear dependence on the tensor
grid size. The considerations from section 8.7 indicate an almost linear complexity with respect
to the number of nodes of the mesh for this part.

Similar, the storage requirements are linear in the number of surface elements, where further

tensor train compression was introduced in order to reduce the constant in the storage estimate
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for the gridding procedure.

Exponential sums were used to obtain an entirely smooth and separable approximation of the
Fourier coefficients of the Newtonian potential. As a consequence of the above mentioned
splitting, which includes a near field correction, the only essential error of the method (within
the P1 FEM framework) is due to this approximation, cf. section 8.7. Nevertheless, numerical
experiments for test cases with known analytical solutions show accurate approximations.
Future work could deal with a possible extension to higher order finite element and boundary
element methods. Also an application of the proposed method could be used to accelerate a PO

approximation of the integral representation of the potential (2.23), i.e.

¢<x>~Z 55 _y” do(y), (8.87)

oT;

Also P1 or higher order approximation for (2.23) itself is conceivable.

An interesting possibility for future work is the parallelization of the scheme (8.89) by the
parallel FFT (PFFT) package [93].

Also the application of the novel sub-linearly scaling sparse FFT [94, 95] could be investigated,

especially in the context of discrete Fourier transform of the gridding tensor (cf. Sec. 8.5.1).

Low-Rank Tensor Version

Here an idea concerning cost-reduction of the FFT in Alg. 14 is briefly discussed, but not fully
analyzed yet. The key point is to use tensor compression for the tensor A € Rlon := ®q | R
in (8.34) followed by FFT and NFFT for structured tensors (compare with section 4.5). Since
the tensor grid parameter n controls the accuracy of the method (amongst others, e.g. cut-off
m or near field €), it is desirable to choose it as large as possible. On the other hand, also
remember that this parameter has no connection to the underlying problem like geometry or
magnetization. So the choice of n is a trade-off between accuracy and complexity/storage. The

gridding process

M
ari= )8 f B(re @n)™ - y)do(y), (8.88)
=1

Sj

smooths the data on a regular tensor grid and constructs the tensor A, compare with section
8.5. It seems (somehow) natural and within the scope of this thesis to ask whether the smooth’
tensor A permits a ’low-rank’ tensor representation, if only for certain parameters (e.g. cut-off
m, mesh parameters/properties or variation of the sources g;). In order to see what implications

this would have for the computation of ¢3, the scheme is here rewritten in a compact form (also
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compare with (8.21) and (8.32)), i.e.
¢5 = NFFT((ci(N)ye, ® (FFT(A) (D)), )- (8.89)

Remember that (c;(Ny)),; € Cns- and (c,@)),e 1, € Cn1, meaning they are canonical tensors
of rank S’ and 1, respectively.

Assume now A € C,ug. From chapter 4 section 4.5 Lemma 3 one gets FFT(A) € Cynr and
hence (FFT(A)/ cl((I~))),€In € Cpr. From the Hadamard product of canonical tensors (compare

with section 4.2) one finally has
If A€ Canr = (ciN,))e;, ® FFT(A)/cf(D)),;, € Cusr- (8.90)

The costs for forming (8.90) are O(R a nlog a n) for the FFT and O(R n+R S 'n) for the Hadamard
products.

Similar as for FFT for canonical tensors the NFFT for CP tensors is reduced to 1-dimensional
NFFT. Namely, the following statement can be recalculated in a straight forward manner (for

an idea of proof compare with the proof of Lemma 3 and 4).

Lemma 10. For a canonical tensor A = [A; UP, UP,UP ] € Curs a1 = 2oy As ugllz ugzzz ug
the NFFT is given by

NFFT(A) = [NFFT]d(U(”) e NFFT;,(U?) o NFFT]d(U(3))] A, (8.91)

where the (1-d) NFFT is only taken along each column of a factor matrix.

The costs for the CP-NFFT in Lemma 8.91 are (n, = n) O(rmN + rn logn), compare with
O(m*N + n? log n®) for ordinary NFFT.

Hence, if the gridded tensor A is in canonical form with rank R, the costs for computing ¢;
through (8.89) are O(RS’ m N+RS’ n log n)+O(R a nlog a n), compare with O(m>*N+n> log n®+
(an)® log(an)®) for dense A.

In addition, one had to add the costs for computing ‘A as a canonical tensor. For that purpose,
one could use black box approximation for canonical tensors [56] or cross approximation for
the TT-format [96, 97] with subsequent conversion to Tucker tensors plus approximation of the
core in the CP format (Tucker to CP approximation) by e.g. an ALS algorithm. These methods
allow approximations without forming the dense/full tensor A explicitly.

Tab. 8.4 shows an example for compression of A in the case of a meshed sphere with ra-
dius 0.5 and center at zero and a flower magnetization [18]. For testing purposes the CP rank
was determined by first pre-calculating A completely followed by an ALS based Tucker to CP
approximation. The ranks are in the scale of the tensor grid parameter n, whereas the results

indicate lower ranks for the cases where the cut-off m is larger and where the mesh is finer.
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Table 8.4: CP-compression of A in the case of a meshed sphere with radius 0.5 and center at
zero and a flower magnetization. The over-sampling factor « is 2. The compression error in the
relative Frobenius norm was below one percent.

# surface elements an m CP-rank R

420 144 5 400
980 144 5 250
980 9% 5 60
1794 9% 5 50
1794 144 5 110
1794 144 3 250
1794 144 6 95

The same test but carried out with randomly chosen sources g;, instead of those arising from
a (parameterized) flower state, fails in terms of a clear increase of ranks (even a rank of 500
yields an error above one percent). Thus, the ’smoothness’ of the underlying source function is
a crucial factor whether low ranks can be achieved in principle.

A cylinder geometry (basis in the x — y-plane with radius 0.5, height 1) was tested together with
the vortex magnetization from [18]. For the parameters m = 5,an = 96 and a very coarse sur-
face mesh of only 300 elements the compression rank is 37 (error below one percent). Inserting
the flower magnetization yields a compression rank of 23. It is very likely that the geometry (in
connection with the magnetization configuration) plays an important role. At the current stage
it is unclear whether the compression method yields any advantages over the ’plain’ scheme,

however, further investigations on that have to be done.
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Chapter 9
Conclusions

This thesis starts with a brief summary of background information on micromagnetics. The
micromagnetic energy minimization problem is formulated as constrained optimization prob-
lem in the continuous and the discrete setting. Several algorithms which address this prob-
lem are introduced, including a new variant of the steepest descent method, a semi-implicit
scheme. This method is compared with a quasi Newton method applied to the unconstrained
version of the micromagnetic energy minimization problem. Although the modified steepest
descent method is simple and more efficient than ordinary steepest descent, the quasi Newton
approach outperforms it in two test cases in terms of needed function evaluations. On the con-
trary, the computational costs of both methods are comparable. Moreover, penalty approaches
from non-linear programming are applied to micromagnetics, as well as, Newton’s method to
the Karush-Kuhn-Tucker (NKKT) conditions. Both approaches are less efficient than modified
steepest descent and quasi Newton on the unconstrained problem. Nevertheless, while penalty
methods are re-used later in the context of low-rank energy minimization, the NKKT method
turns out to be a generalization of the widely used method of Alouges.

In order to minimize the energy on large tensor grids, the data-sparse tensor formats are intro-
duced. A detailed description of tensor formats and approximation of tensors is given. Inciden-
tally, a FFT-based method to apply filtering of disturbed multi-way data is found.

A tensor grid method for computing the stray field for tensor structured input is described and
mathematically analyzed. Kronecker product structure of the demagnetizing operator is proven,
which later gives rise to a similar structure for the Hessian of a second order discretization of
the total magnetic energy. This structure allows the efficient evaluation for tensor structured
input. Later, the tensor grid stray field method is even accelerated by means of FFT.

A whole chapter is dedicated to approximation of magnetization configurations by the Tucker
format. The tests indicate an asymptotically logarithmic rank-growth with respect to the side-
length of a (rather) hard magnetic cube (with no external field). In the remanent case it is also

shown that the minimization of the energy has a regularizing effect on randomly disturbed ini-
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tial magnetization. In addition, the compression ranks corresponding to a prescribed tolerance
during demagnetization are adaptively determined. The dependence of the ranks with respect
to the tolerance e for the compression is found to be approximately 7 ~ O(log e™!) if the ex-
ternal field strength is not near the coercive field. Right before and during switching of the
magnetization the ranks ’explode’ in an oscillating manner, while for the region away from the
critical field ranks do not grow drastically.

Finally, the micromagnetic energy minimization problem subject to low-rank tensors is inves-
tigated and analyzed. An algorithm is introduced, which is based on low-rank updates and
minimization within the canonical tensor representation. In principal, this method allows ap-
plying large grids due to the sublinear scaling in the volume size. This is useful for large
ferromagnetic particles which demand a high resolution due to constraints related to the ex-
change length or domain wall width.

The final section is dedicated to a novel finite element/boundary element (FEM/BEM) algo-
rithm, which benefits from non-uniform FFT, which is especially adapted to boundary inte-
grals. The method, which calculates the scalar potential, scales quasi optimal in the number of

volume and surface elements.
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Dieser Mythos ist tragisch, weil sein Held bewuft ist.
Worin bestiinde tatsichlich seine Strafe, wenn ihm bei
Jjedem Schritt die Hoffnung auf Erfolg neue Kraft gibe?
Heutzutage arbeitet der Werktditige sein Leben lang unter
gleichen Bedingungen, und sein Schicksal ist genauso ab-
surd. Tragisch ist es aber nur in den wenigen Augen-
blicken, in denen der Arbeiter bewuf3t wird. Sisyphos,
der ohnmdchtige und rebellische Prolet der Gotter, kennt
das ganze Ausmayf; seiner unseligen Lage: iiber sie denkt
er wahrend des Abstiegs nach. Das Wissen, das seine
eigentliche Qual bewirken sollte, vollendet gleichzeitig

seinen Sieg.

Albert Camus, Der Mythos des Sisyphos
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