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Abstract In this article, we present two new greedy algorithms for the computation
of the lowest eigenvalue (and an associated eigenvector) of a high-dimensional eigen-
value problem and prove some convergence results for these algorithms and their
orthogonalized versions. The performance of our algorithms is illustrated on numeri-
cal test cases (including the computation of the buckling modes of a microstructured
plate) and compared with that of another greedy algorithm for eigenvalue problems
introduced by Ammar and Chinesta.
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1 Introduction

High-dimensional problems are encountered in many application fields, including
electronic structure calculation, molecular dynamics, uncertainty quantification, mul-
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tiscale homogenization, and mathematical finance. The numerical simulation of these
problems, which requires specific approaches due to the so-called curse of dimension-
ality [5], has fostered the development of a wide variety of new numerical methods and
algorithms, such as sparse grids [10,34,37], reduced bases [9], sparse tensor products
[20], and adaptive polynomial approximations [15,16].

In this article, we focus on an approach introduced by Ladeveze [24], Chinesta [2],
Nouy [29], and coauthors in different contexts, relying on the use of greedy algorithms
[35,36]. This class of methods is also called progressive generalized decomposition
[14] in the literature.

Let V be a Hilbert space of functions depending on d variables x| € X7, ..., x4 €
X4, where, typically, X; C R™/. Forall 1 < j < d, let V; be a Hilbert space of
functions depending only on the variable x ; such that for all d-tuple ((/)(l), ey d:(d)) €

Vi x -+ x Vg, the tensor-product function ¢V @ - - - ® ¢@ defined by

)]
e @heenzg) > D) - 6@ (xg),

®¢(d): [ X] X"'XXd—> ]R,

belongs to V. Let u be a specific function of V, for instance the solution of a par-
tial differential equation (PDE). Standard linear approximation approaches such as
Galerkin methods consist in approximating the function u(xy, ..., x4) as

u@, xR D ki g @@ e xa), (D)

1<iy,....ig<N

where N is the number of degrees of freedom per variate (chosen to be the same for

each variate to simplify the notation), and where forall 1 < j < d, (qbi(j ))1 . is an
sis
a priori chosen discretization basis of functions belonging to V;. To approximate the

function u, the set of N 4 real numbers (Ail ,,,,, i d) L<i.oig<N must be computed. Thus,
the size of the discretized problem to solve scales exponentially with d, the number
of variables. Because of this difficulty, classical methods cannot be used in practice to
solve high-dimensional PDEs. Greedy algorithms also consist in approximating the

function u(xy, ..., x4) as a sum of tensor-product functions
n
1 d
w(xt, ..., Xa) 2 up(x1, ..., Xq) = Zr,f '@ @r (. xa),
k=1

where forall 1 < k < nandalll < j < d, r(J) € V;. But in contrast with

standard linear approximation methods, the sequence of tensor-product functions

1 d
(e e
a greedy procedure. Let us illustrate this on the simple case when the function u to be
computed is the unique solution of a minimization problem of the form

) . is not chosen a priori; it is constructed iteratively using
1<k<n

u = argmin £ (v), (2)

veV
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where £ : V — R is a strongly convex functional. Denoting by
r® .= {r(l) Q- @r D | rWey, . rDe Vd}

the set of rank-1 tensor-product functions, the pure greedy algorithm (PGA) [35,36]
for solving (2) reads

Pure Greedy Algorithm (PGA):

o [Initialization: set ug := 0;
e [terate onn > 1:find z,, := r,(,l) Q& r,(ld) € X% such that

Zn € argmin € (un—1 +2).
7exX®

and set u, = u,_1 + 2.

The advantage of such an approach is that if, as above, a discretization basis

(d).(j ))1 N is used for the approximation of the function r,gj ), each iteration of the
<i<

1
algorithm requires the resolution of a discretized problem of size d N. The size of the
problem to solve at iteration n therefore scales linearly with the number of variables.
Thus, using the above PGA enables one to approximate the function u(xy, ..., xg)
through the resolution of a sequence of low-dimensional problems instead of one
high-dimensional problem.

Greedy algorithms have been extensively studied in the framework of problem (2).
The PGA has been analyzed from a mathematical point of view, first in [26] in the
case when E(v) := ||[v — ul|%, then in [11] in the case of a more general nonquadratic
strongly convex energy functional £. In the latter article, it is proved that the sequence
(ttn)pen= Strongly converges in V to u and provided that: (i) X® is weakly closed in V
and Span (Z‘ ®) isdense in V; (ii) the functional £ is strongly convex, differentiable on
V, and its derivative is Lipschitz on bounded domains. An exponential convergence
rate is also proved in the case when V is finite dimensional. In [30], these results have
been extended to the case when general tensor subsets X' are considered instead of the
set of rank-1 tensor products ¥® and under weaker assumptions on the functional
£. The authors also generalized the convergence results to other variants of greedy
algorithms, such as the Orthogonal Greedy Algorithm (OGA), and to the case when
the space V is a Banach space.

The analysis of greedy algorithms for other kinds of problems is less advanced
[14]. We refer to Cances et al. [12] for a review of the mathematical issues arising in
the application of greedy algorithms to nonsymmetric linear problems for example.
To our knowledge, the literature on greedy algorithms for eigenvalue problems is very
limited. Penalized formulations of constrained minimization problems enable one to
recover the structure of unconstrained minimization problems and to use the existing
theoretical framework for the PGA and the OGA [11,17]. The only reference we
are aware of about greedy algorithms for eigenvalue problems without the use of a
penalized formulation is an article by Ammar and Chinesta [1], in which the authors
propose a greedy algorithm to compute the lowest eigenstate of a bounded from below
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self-adjoint operator and apply it to electronic structure calculation. No analysis of
this algorithm is given though. Let us also mention that the use of tensor formats for
eigenvalue problems has been recently investigated [6,7,20,23,33], still in the context
of electronic structure calculation.

In this article, we propose two new greedy algorithms for the computation of the
lowest eigenstate of high-dimensional eigenvalue problems and prove some conver-
gence results for these algorithms and their orthogonalized versions. We would like
to point out that these algorithms are not based on a penalized formulation of the
eigenvalue problem.

The outline of the article is as follows. In Sect. 2, we introduce some notation
and give some prototypical examples of problems and tensor subsets for which our
analysis is valid. In Sect. 3, the two new approaches are presented along with our main
convergence results. The first algorithm is based on the minimization of the Rayleigh
quotient associated with the problem under consideration. The second algorithm is
inspired from the well-known inverse power method and relies on the minimization
of a residual associated with the eigenvalue problem. Orthogonal and weak versions
of these algorithms are also introduced. In Sect. 4, we detail how these algorithms
can be implemented in practice in the case of rank-1 tensor-product functions. The
numerical behaviors of our algorithms and of the one proposed in [1] are illustrated
in Sect. 5, first on a toy example, then on the computation of the buckling modes of
a microstructured plate. For the sake of brevity, we only give here the proof of the
results related to our first greedy strategy (see Sect. 7). We refer the reader to Section
6.5 of [13] for a detailed analysis of our second strategy and for further implementation
details. Let us mention that we do not cover here the case of parametric eigenvalue
problems, which will make the subject of a forthcoming article.

2 Preliminaries
2.1 Notation and Main Assumptions

Let us consider two Hilbert spaces V and H, endowed, respectively, with the scalar
products (-, -)y and (-, -), such that, unless otherwise stated,

(HV) the embedding V < H is dense and compact.

The norms of V and H are denoted, respectively, by || - ||y and || - ||. Let us recall that
it follows from (HV) that weak convergence in V implies strong convergence in H.
Leta : V x V — R be a symmetric continuous bilinear form on V x V such that

(HA) 3y,v >0, suchthat Yv € V, a(v,v) > y[vll} — v]v]>
The bilinear form (-, -),, defined by

Yo,weV, (v,w),:=al,w)+vv,w), 3)
is a scalar product on V, whose associated norm, denoted by || - ||4, is equivalent to
the norm || - ||y. In addition, we can also assume without loss of generality that the

constant v is chosen so that forall v € V, ||v||, = ||v]|.
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It is well known (see, e.g., [31]) that, under the above assumptions (namely (HA)
and (HV)), there exists a sequence (¥, it p) pen+ Of solutions to the elliptic eigenvalue
problem

[ﬁnd (¥, w) € V x R such that ||| = 1 and @)

Yo eV, a(¥,v) = u(y, v)

such that (1) pen+ forms a nondecreasing sequence of real numbers going to infinity
and (¥p) pen= 18 an orthonormal basis of H. We focus here on the computation of 1,
the lowest eigenvalue of a(-, -), and of an associated H-normalized eigenvector. Let
us note that, from (HA), for all p € N*, u,, +v > 0.

Definition 2.1 A set ¥ C V is called a dictionary of V if X satisfies the following
three conditions:

(HX'1) X is anonempty cone, i.e.,0 € X and forall (z,¢) € ¥ xR, 1z € X}
(HX2) X is weakly closed in V;
(HX3) Span(X) isdensein V.

In practical applications for high-dimensional eigenvalue problems, the set X' is

typically an appropriate set of tensor formats used to perform the greedy algorithms
presented in Sect. 3.2. We also define

* = ¥\ {0}. 5)

2.2 Prototypical Example

Let us present a prototypical example of the high-dimensional eigenvalue problems
we have in mind, along with possible dictionaries.

Let X1, ..., Xy be bounded regular domains of R™!, ..., R™4_ respectively.
Let V = Hol(Xl X - x Xy)and H = L*(X] x --- x Xy). It follows from the
Rellich—Kondrachov theorem that these spaces satisfy assumption (HV). Let b : &7 x

- x X; — R be a measurable real-valued function such that

3B, B > 0, suchthat B <b(x1,...,x4)<B, foraa.(xy,...,x5)€X] X -+ xX Xy.
In addition, let W € L9(X; x --- x Xy) withg = 2 if m < 3, and ¢ > m/2 for

m > 4, wherem := mj|+---+mgy. A prototypical example of a continuous symmetric
bilinear forma : V x V — R satisfying (HA) is

Yv,weV, alw,w):= / (bVv - Vw + Wow) . (6)
X x-xXy

In this particular case, the eigenvalue problem (4) also reads

find (¢, ) € HOI(Xl X+ x Xg) x Rsuch that | [l 2y, «..xx,) = | and
—div (bVY) + Wy = uy in D'(X] x - - x Xy).
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Forall1 < j < d, we define V; := HOl (X;). Some examples of dictionaries X
based on tensor formats satisfying (HX'1), (HX?2), and (HX'3) are the set of rank-1
tensor-product functions

3@:{ﬂw®.“®r@|v1gjsd,%”evﬁ, )

as well as other tensor formats [20,23], for instance the sets of rank-R Tucker or
rank- R tensor train functions, with R € N*.

3 Greedy Algorithms for Eigenvalue Problems

In therest of the article, we define and study two different greedy algorithms to compute
an eigenpair associated with the lowest eigenvalue of the elliptic eigenvalue problem
4).

The first one relies on the minimization of the Rayleigh quotient of a(-, -) and is
introduced in Sect. 3.2.1. The second one, presented in Sect. 3.2.2, shares common
features with the inverse power method and is based on the use of a residual for
problem (4). We recall the algorithm introduced in [1] in Sect. 3.2.3. Orthogonal and
weak versions of these algorithms are defined, respectively, in Sects. 3.2.4 and 3.2.5.
Section 3.3 contains our main convergence results. The choice of a good initial guess
for all these algorithms is discussed in Sect. 3.4.

Let us first start with a few preliminary results.

3.1 Two Useful Lemmas

For all v € V, we denote by

a(v,v) .
Ty =1 e 70
+

oo ifv=0,
the Rayleigh quotient associated with (4), and define

. . oa(z,2)
Ay = inf = inf ——.
¥ J@ e llzII?

Note that, since ¥ C V, Ax > puq = infyey J (V).

Lemma 3.1 Let w € V such that |w|| = 1. The following two assertions are equiv-
alent:

(i) Vze X, Jw+z)=Tw)
(ii) w is an eigenvector of the bilinear form a(-, -) associated with an eigenvalue less
than or equal to L x; i.e., there exists Ly, € R such that Ay < Ay and

Yv eV, a(w,v) = Ay(w, v).
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Proof of Lemma 3.1 Proof that (i) = (ii)
Let z € X. For all ¢ € R such that |¢|||z|| < ||w]|, w + €z # 0. Then, since
lw|| = 1, (i) implies that
(2ea(w, z) + &2a(z, 2)) — (2e(w, z) + &2[z]1?) a(w, w)
lw+ ez|?
_ 2e(a(w,2) —a(w, w)(w, z)) + % (a(z,2) — a(w, w)|z]|?)
N |w+ ez|?

J(w+ez) —T(w) =

> 0.
Considering ¢ € R with |¢| arbitrarily small, the above inequality yields
a(w,z) —a(w,w)(w,z) =0 and a(z,z) — ||z||2a(w, w) > 0.

These relationships are valid for any vector z € X'. Together with assumption (HX'3),
and denoting by A, := a(w, w), the first equality implies that

Yv eV, a(w,v) = Ay(w, v),

and the second inequality yields

W< inf a(z, z)
YT e Iz

=Ax,

where X* is defined by (5). Hence (ii).
Proof that (ii) = (i)
Using (ii), similar calculations yield that for all z € X such that w 4+ z # 0,

a(w+2z,w+2)

Jw+z)—TJ(w) = — —a(w,w)
lw+ z|l
~ 2a(w,2) +a(z,2) = (2w, 2) + [1z]1?) a(w, w)
- lw + 2|2

_a(z,2) = hlizl?
llw + 2|2

This implies that J (w + z) — J(w) > 0. Hence (i), since the inequality is trivial in
the case when w + z = 0. O

Lemma 3.2 Let w € V \ X*. Then, the minimization problem

find zop € X such that zo € argmin J (w + z) (8)
zeX

has at least one solution.

When w € X*, problem (8) may have no solution (see Example 7.1 of [13] for an
example).
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Proof of Lemma 3.2 Letus first prove that (8) has at least one solution in the case when

w = 0. Let (z;n)men+ be a minimizing sequence: Vimm € N*, z,, € X, ||z,,]| = 1, and

a(Zm, Zm) —> Ax. The sequence (||zm |la)men+ being bounded, there exists z, € V
m—0oQ

such that (z,,),,en+ Weakly converges, up to extraction, to some z, in V. By (HX'2),
z4 belongs to X'. In addition, using (HV), the sequence (z;,;),en+ Strongly converges
to z4 in H, so that ||z,|| = 1. Lastly,

lzslla = lim |lzmlla,
m—>00

which implies that a(z«, z4+) = J(zx) < Ay = lim a(zy, zm). Hence, z4 is a
m—00

minimizer of problem (8) when w = 0.

Let us now consider w € V \ X and (z;;),necn+ @ minimizing sequence for problem
(8). There exists my € N* large enough such that for all m > mg, w + z,, # O.
Let us define «,, := m and 7, = o Zm. It holds that ||a,w + Zn|| = 1 and
a(omw + Zn, W + Zn) m::o inf ey J(w + 2).

If the sequence (o) ,en+ is bounded, then so is the sequence (||Z lla)men+, and
reasoning as above, we can prove that there exists a minimizer to problem (8).

To complete the proof, let us now argue by contradiction and assume that, up to the
extraction of a subsequence, o, e +00. Since the sequence ([l w + Zm ) men=

is bounded and for all m € N*,
lomw +Zmlla = amllw + zmllas

the sequence (z;)men+ strongly converges to —w in V. Using assumption (HX'2),
this implies that w € X', which leads to a contradiction. O

3.2 Description of the Algorithms
3.2.1 Pure Rayleigh Greedy Algorithm

The following algorithm, called hereafter the pure Rayleigh greedy algorithm
(PRaGA), is inspired by the PGA for convex minimization problems (see [11,13,30]
for further details).

Pure Rayleigh Greedy Algorithm (PRaGA):

e [nitialization: choose an initial guess ug € V such that |lug| = 1 and
Ao i= a(ug, up) < Ay;

e [terate on n > 1: find z,, € X such that

Zp € argmin J (uy_1 + 2), )
zeXx
. _Un—itzn —
and set u, := e and A, 1= a(u,, uy).
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Let us point out that in our context, the functional [J is not convex, so that the
analysis existing in the literature for the PGA in the context of minimization of convex
functionals does not apply to the PRaGA.

The choice of an initial guess ug € V satisfying ||ugl| = 1 and a(ug, ug) < Ax
is discussed in Sect. 3.4.2. Let us mention that the two other algorithms (PReGA and
PEGA, presented in the following sections) only require a(uq, ug) < Ay. This is
discussed in Sect. 3.4.1.

Lemma 3.3 Let V and H be separable Hilbert spaces satisfying (HV), X a dictionary
of V,and a : V x V. — R a symmetric continuous bilinear form satisfying (HA).
Then, all the iterations of the PRaGA are well defined in the sense that for all n € N¥,
and there exists at least one solution to the minimization problem (9). In addition, the
sequence (Ay),cN* IS nonincreasing.

Proof Lemma 3.3 can be easily proved by induction using Lemma 3.2, the fact that
the initial guess uq is chosen such that 1o = J (ug) < Ay, and the fact that a vector
w € V which satisfies 7 (w) < Ay is necessarily such that w ¢ X*. O

3.2.2 Pure Residual Greedy Algorithm

The pure residual greedy algorithm (PReGA) we propose is based on the use of a
residual for problem (4).

Pure Residual Greedy Algorithm (PReGA):

e [nitialization: choose an initial guess ug € V such that |lug|| = 1 and
ho 1= a(uo, up) < Ayg;

e [terate onn > 1: find z,, € X such that

o1
Zn € argmin = ||u,—1 + lei — (Ap—1 +v){Up—1, 2), (10)
zeXx 2
and set u,, := ”Z’%iz"” and A, = a(uy, uy,).

The term residual can be justified as follows: It is easy to check that for all n € N*,
problem (10) is equivalent to the minimization problem

1
find z, € X such that z,, € argmin ~ || R,_j — z|12, (11)
ey 2

where R,,_1 € V is the Riesz representative in V for the scalar product (-, -), of the
linear form/, | : v € V +— Ay_1{un—1, v) —a(u,_y, v). In other words, R,_1 is the

unique element of V such that

YveV, (Ry-1,V)q = Ap—1{Un—1,v) —a(u,—1,v).
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The linear form /,,_1 can indeed be seen as a residual for (4) since [,,_; = 0 if and only
if A,—1 is an eigenvalue of a(-, -) and u,_; an associated H-normalized eigenvector.

Let us point out that in order to carry out the PReGA in practice, one needs to know
the value of a constant v ensuring (HA), whereas this is not needed for the PRaGA or
for the algorithm PEGA introduced in [1] and considered in the next section.

Lemma 3.4 LetV and H be separable Hilbert spaces such that the embedding V- —
H is dense, X a dictionary of V, and a : V x V — R a symmetric continuous
bilinear form satisfying (HA). Then, all the iterations of the PReGA are well defined
in the sense that for all n € N*, there exists at least one solution to the minimization
problem (10).

Proof The existence of a solution to (10) for all n € N* follows from standard results
on the PGA for the minimization of quadratic functionals. We refer the reader to
Section 2.3 and Lemma 3.4 of [13], for instance, for more details. O

Remark 3.1 Actually, the PReGA can be seen as a greedy version of the inverse power
method, defined as follows:
Inverse Power Method:

e Initialization: let fip € V such that ||iio|| = 1 and let Ao := a (i, io);
e [terate onn > 1: find 7, € V such that

N 1 N o
T € argmin  [|ii, -1 + 22 = Ghnet + V) (a1, 2), (12)

zZev

v e En—l‘i‘wn
and set U, = e

Let us point out that for all n € N¥, there exists a unique solution z, € V to (12)
which is equivalently the unique solution of the following problem: find ¢, € V such
that

YveV, <ﬁn—l + Zn, V)g = (Xiz—l + V)(’Zn—lv v).

The inverse power method is a classical approach for computing the smallest eigen-
value and an associated eigenvector of the bilinear form a(-, -). In particular, if the
smallest eigenvalue ¢ of the bilinear form a(-, -) is simple, the sequence (i) ,eN con-
verges exponentially fast to an H-normalized eigenvector of a(-, -) associated with
1. In the PReGA, for all n € N*, a vector z, € X solution of (10) can be seen as
the vector given by the first iteration of a standard PGA for the resolution of (12) with
Up—1 = uy—1 and A,_1 = A,_1, and using the energy functional £,_1 : V — R such
that forallv e V, &,—1(v) := 2||v||3 (Un—1,0)qg — Ap—1 +v){Up—1, v).

3.2.3 Pure Explicit Greedy Algorithm
The above two algorithms are new, at least to our knowledge. In this section, we

describe an algorithm very closely related to the one which has already been proposed
in [1], which we call in the rest of the article the pure explicit greedy algorithm (PEGA).
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Unlike the above two algorithms, the PEGA is not defined for general dictionaries
X satisfying (HX'1), (HX?2), and (HX'3). We need to assume in addition that X' is a
differentiable manifold [25] in V. In this case, for all z € X', we denote by T’y (z) the
tangent subspace to X at point z in V.

Let us point out that if X' is a differentiable manifold in V, for all n € N*, the Euler
equations associated with the minimization problems (9) and (10), respectively, read:

Véz € Tx(zn), a(up—1+ 2n,82) = Ap{upn—1 + 24, 82), (13)

and
Véz € Tx(zn), a(un—1+ 2n,82) +v{2n, 62) = Ay—1{Un—1, 82). (14)

The PEGA consists in solving at each iteration n € N* of the greedy algorithm the
following equation, which is of a similar form as the Euler equations (13) and (14)
above:

Voz € Ty (zn), a(Up—1+ 2n,82) = Ap—1(Un—1 + 2p, 62). (15)

More precisely, the PEGA algorithm reads:
Pure Explicit Greedy Algorithm (PEGA):

e [nitialization: choose an initial guess ug € V such that |lug| = 1 and
ho = a(uog, ug) < Ay;
e [terate for n > 1: find z,, € X such that

Véz € Ts(zn), a(un—1+2n,02) — An—1{tn—1 +24,982) =0,  (16)

Un—1+2n

and set u, := e and A, := a(uy,, uy).

Notice that (16) is very similar to (13) except that A, is used instead of X,,. The
PEGA can be seen as an explicit version of the PRaGA, hence the name pure explicit
greedy algorithm.

It is not clear whether there always exists a solution z,, to (16), since (16) does not
derive from a minimization problem, unlike the other two algorithms. We have not
been able so far to prove convergence results for the PEGA.

In Sect. 4, we will discuss in more detail how these three algorithms (PRaGA,
PReGA, and PEGA) are implemented in practice in the case when X is the set of
rank-1 tensor-product functions.

3.2.4 Orthogonal Algorithms

We introduce here slightly modified versions of the PRaGA, PReGA, and PEGA,
inspired from the OGA for convex minimization problems (see [13,30]).

Orthogonal (Rayleigh, Residual, or Explicit) Greedy Algorithm (ORaGA, OReGA,
and OEGA):
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e [nitialization: choose an initial guess ug € V such that |ug| = 1 and Ag =
a(uog, ug) < ry. For the ORaGA, we assume in addition that Ay := a(ug, ug) <
Ax.

e [terate onn > 1:
— for the ORaGA: find z,, € ¥ satisfying (9);
— for the OReGA: find z,, € X satisfying (10);
— for the OEGA: find z,, € X satisfying (16);

find (c(()"), e, c,(ln)) € R"*! guch that

(c(()"), R c,(l”)) € argmin J (coup +c1z1+ -+ cnza), 17

c(()")qurc(l")m +~-~+c,(1")zn

(n)

and set u, =
" leg o+¢i 21+

H; if (up—1,u,) < 0, set u, := —uy,; set
Zn

An = a(uy, uy).

Let us point out that the original algorithm proposed in [1] is the OEGA. In addition,
for the three algorithms and all n € N*, there always exists at least one solution to the
minimization problem (17).

The orthogonal versions of the greedy algorithms can be easily implemented from
the pure versions: At any iteration n € N*, only one additional step is performed,
which consists in choosing an approximate eigenvector u, as a linear combination
of the elements ug, z1, ..., z, minimizing the Rayleigh quotient associated with the
bilinear form a(-, -). Since u, is meant to be an approximation of an eigenvector
associated with the lowest eigenvalue of a(-, -), which is a minimizer of the Rayleigh
quotient on the Hilbert space V, this additional step is very natural.

3.2.5 Weak Versions of the Algorithms

Several weak versions of the greedy algorithms have been proposed (see [35] for a
review) and analyzed for quadratic minimization problems, to take into account the
fact that the minimization problems defining the iterations of a greedy algorithm are
rarely solved exactly. Similarly, weak versions of the PRaGA and the PRega could
read as follows:

Weak (Rayleigh or Residual) Greedy Algorithm (WRaGA and WReGA ): let (), en*
be a sequence of positive real numbers.

e [nitialization: choose an initial guess ug € V such that |ug|| = 1 and
Ao = a(ug, up) < Ayx.
For the WRaGA, we assume in addition that Ag := a(ug, ug) < Ax.
o Iterateonn > 1:

— for the WRaGA: find z,, € ¥ satisfying

JWp—1+z) = (A +1,) 122 J WUp—1 +2); (18)
Zz
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— for the WReGA: find z,, € X satisfying

1 . 1
Ntn—1 + 202 = Qo1 + V)1, 20) < (14 1) inf = [luy—y + 2|2
2 X 2
_(Arl—l +V)(un—lvz)a (19)

Upn—1+2n

and set u,, := T el

and A, 1= a(u,, uy).

Since the sequence of vectors (z;),cn+ produced by the PEGA cannot be defined
as solutions of minimization problems, it is not clear what a weak version of the PEGA
could be. In this article, we do not analyze the convergence properties of such relaxed
versions of the greedy strategies we propose, but mention their existence for the sake
of completeness.

3.3 Convergence Results
3.3.1 The Infinite-Dimensional Case

Theorem 3.1 Let V and H be separable Hilbert spaces satisfying (HV), X a dictio-
naryof Vanda : V x V. — R a symmetric continuous bilinear form satisfying (HA).
The following properties hold for the PRaGA, ORaGA, PReGA, and OReGA:

1. All the iterations of the algorithms are well defined.

2. The sequence (Ay),eN IS nonincreasing and converges to a limit A which is an
eigenvalue of a(-, -) for the scalar product (-, -).

3. The sequence (up),eN is bounded in V and any subsequence of (u,),eN which
weakly converges in V also strongly converges in V toward an H-normalized
eigenvector associated with A. This implies in particular that

dq(un, Fy) == inf ||lw —uulla — 0,
weF), n—oo

where F, denotes the set of the H-normalized eigenvectors of a(-, -) associated
with \.

4. If ) is a simple eigenvalue, and if w,_is an H-normalized eigenvector associated
with X, then the whole sequence (u,),eN converges either to w; or to —w, strongly
inV.

It may happen that A > 1, if the initial guess u is not properly chosen. An example
where such a situation occurs is given in Example 7.2 of [13]. If A is degenerate, it
is not clear whether the whole sequence (u,),cN converges. We will see, however, in
Sect. 3.3.2 that it is always the case in finite dimension, at least for the pure versions
of these algorithms.

The proof of Theorem 3.1 is given in Sect. 7.1 for the PRaGA and in Sect. 7.2 for its
orthogonal version ORaGA. We refer the reader to Section 6.4 of [13] for the detailed
proof of this result for the PReGA and OReGA (which follows the same lines as for
the PRaGA and ORaGA).
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Remark 3.2 Forthe PReGA and the OReGA, we can prove similar convergence results
without assuming that the Hilbert space V is compactly embedded in H, provided that
the self-adjoint operator A defined as the Friedrichs extension associated with the
quadratic form a(-, -) has at least one eigenvalue below the minimum of its essential
spectrum oegs (A), and that the initial guess u satisfies min o (A) < Ag := a(ug, up) <
min oess(A). This extension shows that the PReGA or OReGA can be used to solve
electronic structure calculation problems (at least in principle) for molecular systems,
which are eigenvalue problems associated with Schrodinger operators defined over
functions of the whole space R3N  where N is the number of electrons in the molecule
under consideration. How to implement efficiently such an algorithm in practice will
be the object of a forthcoming article. The exact statement of this result and its proof
are also given in Proposition 3.1 of [13].

3.3.2 The Finite-Dimensional Case

From now on, for any differentiable function f : V — R, and all vy € V, we denote
by f’(vo) the derivative of f at vy, thatis f/(vg) € V' is the unique continuous linear
form on V such that forall v € V,

ro

Iolla—0 [[v]la

f@) = fvo) + (f'(vo), v)yr,y +r(v), with
In addition, we define the injective norm on V' associated with X as follows:

1, /
VeV, il = sup LAY
zeX* ”Z”a

(20)
In the rest of this section, we assume that V', hence H (since the embedding V — H
is dense), are finite-dimensional vector spaces. The convergence results below rely
heavily on the Lojasiewicz inequality [28] and the ideas presented in [3,8,27].
The Lojasiewicz inequality [28] reads as follows:

Lemma 3.5 Let §2 be an open subset of the finite-dimensional Euclidean space V
and f a real-analytic function defined on 2. Then, for each vo € S2, there is a
neighborhood U C $2 of vo and two constants K € Ry and 6 € (0, 1/2] such that
forall v € U, it holds that:

1) = f@)'™ < K| @)l 2L

Before stating our main result in finite dimension, we prove a useful lemma.

Lemma 3.6 Let V and H be finite-dimensional Euclidean spaces, 2 = {v €
V, 1/2 < ||v|l < 3/2}, A be an eigenvalue of the bilinear form a(-, -), and F;, the set
of the H-normalized eigenvectors of a(-, -) associated with A. Then, J : 2 — R is
real-analytic, and there exists K € Ry, 6 € (0, 1/2] and ¢ > 0 such that
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forallv € 2 such that d(v, ;) := inf |lv—wl| < e, it holds that | ] (v) - Ao
wer)
< KIT' @)llx- (22)

Proof The functional 7 : £2 — R is real-analytic as a composition of real-analytic
functions. Thus, from (21), for all w € Fj, there exists ¢, > 0, K, € R, and
0y € (0, 1/2] such that

Yo e Bw,&y), |TW) =" < KyllT' )]s, (23)

where B(w, &) := {v eV, |[v—w]| < ey} In addition, for all w € F,, we can
choose &,, small enough so that B(w, &,,) C §2. The family (B(w, &y))yer, forms a
cover of open sets of F). Since Fj is a compact subset of V (it is a closed bounded
subset of a finite-dimensional space), we can extract a finite subcover from the family
(B(w, &y))weF, , from which we deduce the existence of constants ¢ > 0, K > 0, and
6 € (0, 1/2] such that

for all v € 2 such that d(v, Fy) < ¢, itholds that |7 (v) — A|'"™? < K[|7' ()]l

hence the result. O

The proof of the following theorem is given in Sect. 7.3 for the PRaGA and in
Section 6.4 of [13] for the PReGA.

Theorem 3.2 Let V and H be finite-dimensional Euclidian spaces anda : V X V —
R be a symmetric bilinear form. The following properties hold for both PRaGA and
PReGA:

1. the whole sequence (un),eN strongly converges in 'V to some w;, € F);
2. the convergence rates are as follows, depending on the value of the parameter 0
in (22):
e if6 = 1/2, there exists C € Ry and 0 < o < 1 such that for alln € N,
lun —willa < Co™; (24)

e if6 € (0, 1/2), there exists C € Ry such that for all n € N¥,
ity — walla < Cn~ T, (25)
3.4 Discussion About the Initial Guess

3.4.1 Possible Choice of Initial Guess

We present here a generic procedure to choose an initial guess ug € V satisfying
llupll = 1 and a(ug, ug) < Ay (actually such that a(ug, ug) = A x), which is required
by the two algorithms PReGA and PEGA:
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Choice of an initial guess:

e [Initialization: find zg € X such that

z0 € argmin J(z), (26)
ZEE

and set ug 1= ﬁ

From Lemma 3.2, (26) always has at least one solution, and it is straightforward to
see that ||ug|| = 1 and a(ug, ug) = Ay.

3.4.2 Special Case of the PRaGA

Let us recall that in the case of the PRaGA, we required that the initial guess u( of the
algorithm satisfies a(uq, ug) < Ay, whereas the above procedure generates an initial
guess ug with a(ug, up) = Ax.Letus comment on this condition. We distinguish here
two different cases:

e If the element u( computed with the procedure presented in Sect. 3.4.1 is an
eigenvector of a(-, -) associated with the eigenvalue XA¢, then from Lemma 3.1,
J(uo+2) = J(up) forall z € X. We exclude this case from now on in all the rest
of the article. Let us point out though that this case happens only in very particular
situations. Indeed, it can be proved that if we consider the prototypical example
presented in Sect. 2.2 with b = 1, W a Holder-continuous function (this assump-
tion can be weakened) and ¥ = X'® defined by (7), then a vector z € X is an
eigenvector associated with the bilinear form a(-, -) defined by (6) if and only if the
potential W can be written as a sum of one-body potentials, that is, if

Wxt, ..., xq) = Wi(x1) + -+ Wa(xq).

A proof of this result is given in Lemma 7.1 of [13].
e Ifugisnotaneigenvector of a(-, -) associated with the eigenvalue A, since ug € X,
it may happen that the minimization problem: find z; € X' such that

z1 € argmin J (uo + 2),
zeX

does not have a solution (see Example 7.1 for an example where such a situation
occurs). However, from Lemma 3.1, there exists some 7o € X such that J (ug +
20) < J (up). Thus, up to taking iy := ug -+ 2o as the new initial guess, we have that
o = a(ily, y) < Ax.In practice, we compute a vector 7 satisfying this property
by running the alternating direction method procedure described in Sect. 4.2 for
a fixed number of iterations from the initial guess uy computed with the strategy
described in Sect. 3.4.1. In all the numerical cases we tested, this was enough to
ensure that 7 (ug + z0) < J (1g).
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3.4.3 Convergence Toward the Lowest Eigenstate

As mentioned above, the greedy algorithms may not converge toward the lowest eigen-
value of the bilinear form a(-, -). Of course, if g is chosen so that Ag = a(ug, ug) <
w5 = inf jens {M Jlmj> ,ul}, then the sequences (1,),cn generated by the greedy
algorithms automatically converge to 1+1. However, the construction of such an initial
guess ug in the general case is not obvious.

One might hope that using the procedure to choose the initial guess u presented
in Sect. 3.4.1 would be sufficient to ensure that the greedy algorithms converge to 1.
Unfortunately, this is not the case, as shown in Example 7.2 of [13]. However, we
believe that this only happens in pathological situations, and that, in most practical
cases, the eigenvalue approximated by a greedy algorithm choosing the initial guess
as in Sect. 3.4.1 is indeed .

4 Numerical Implementation

In this section, we present how the above algorithms, and the one proposed in [1] can
be implemented in practice in the case when X' is the set of rank-1 tensor-product
functions of the form (7): ¥ := X'®.

Let us note that the numerical methods which are used in practice for the implemen-
tation of the greedy algorithms do not guarantee that the elements z,, € X computed at
each iteration of the iterative procedure are indeed solutions of the optimization prob-
lems (9) and (10). Usually, in the case when the set X' is a differentiable manifold, the
obtained functions are solutions of the associated Euler equations, but it is not even
clear in general if the obtained functions are local minima of the optimization problems
used to define the iterations of the PRaGA or PReGA. From this point of view, there
is a gap between the theoretical results we presented above and the way these greedy
algorithms are implemented in practice, even if the way these numerical methods are
implemented in practice seem sufficient for the whole procedure to converge toward
the desired solution in general.

We consider here the case when V and H are Hilbert spaces of functions depending
on d variables x1, ..., x4, for some d € N* such that (HV) is satisfied. For all
1 < j <d,let V; be a Hilbert space of functions depending only on the variable x;
such that the subset

2::{7'(1)®"'®r(d)|r(1)€V]a-‘~7r(d)€Vd} (27)

is a dictionary of V, according to Definition 2.1. For all z, € X such that z, =
r,(,l) R Q r,&d) with (r,(,l), e, r,gd)) € V| x .-+ x Vg, the tangent space to X at z,
is denoted by

Ty (z) = {5r<‘) rP?®-er®@+riVesr?P® . @r®+...

+r,(ll) ®r,§2) ®-~-®8r(d),6r(1) S V1,...,8r(d) S Vd}.
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4.1 Computation of the Initial Guess

Using the method described in Sect. 3.4.1, the initial guess g € V of all the greedy
algorithms mentioned in this article is computed as follows: choose

uo —Zo—rél)@) : ®r(§d)

€ argmin(r(l)w”,(d))evl ><'~><th7 (V(l) X ® r(d))
such that ||ug|| = |lzoll = 1. To compute this initial guess in practice, we use the
well-known alternating direction method (ADM) (also called alternating least square
method in [20,22,33], or fixed-point procedure in [1,26]):

ADM for the computation of the initial guess

e [nitialization: choose (s(() ), el s(()d)) € Vi x---x Vysuch that Hs(()l) R - ® s(gd) H
=1;
e [terateonm =1, ..., Myux:
—Iterateon j =1, ...,d: find s,(nj) € V; such that

s e argmmj( De...gsiPesh ®s,(njj11) - ® S,;dll) ; (28)
sWev;

e set r(gl) X r(d) (1) XX s(d).

It is observed that the ADM converges quite fast in practice. Actually, solving

(28) amounts to computing the smallest eigenvalue and an associated eigenvector of

a low-dimensional eigenvalue problem, since s(] ) is an eigenvector associated with

the smallest elgenvalue of the bilinear form a,, ; : V; x V; — R with respect to the
scalar product (-, -}, j : V; x V; — R, such that for all v(]) (j) eV,

® @s? Ve .o e esitle.. ®s(d))
and

j j 1 1
<v§/>, v;;)) ’ < D) g . ®S(1 ) v(n ® s(]"r )
m,j

® 059 Ve 08 Ve esithg.. ®s<d)>

4.2 ITmplementation of the Pure Rayleigh Greedy Algorithm

We also use an ADM to compute the tensor product z,, = r(l) QR - r(d) which
reads as follows:
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ADM for the PRaGA:
e [nitialization: choose (s(()l), .. (d)) eVix---xVyg
e [terateonm =1, ..., Myay: '
—Iterateon j = 1,...,d: find s,(,,j) € V; such that

(j)eargmmj(un +sP @05 VeosPesVtVe...es (‘“)

Sm—1
Y(]>EV/

e set (r,(ll), ...,r,gd)) = (s,(,,l),...,s,(,fl)).

For n > 1, the minimization problems (29) are well defined. Let us now detail an
efficient method for solving (29) in the discrete case. Forall 1 < j < d,let N; € N*

(29)

and let (qb,.(j ))1 . be a Galerkin basis of some finite-dimensional subspace V; y;
<i<
of Vj.

j
In the discretized setting, problem (29) reads: find s,(nj ) € Vin; such that

(]) € argmin j(un 1 —I—s(l) ® - ®s(] D ® s ®s(]+l) K- @) )

Sm—1
s(J)gV] N;
' (30)
We present below how (30) is solved for a fixed value of j € {1, - - - , d}. To simplify
the notation and without loss of generality, we assume that all the N;’s are equal and
are denoted by N their common value. Denoting by § = (S;)1<j<n € RV the vector

of the coordinates of the function s*/) in the basis ((l)i(j ) )1 SO that
<i<

N
s — Z Sl_¢i(1)’
i=1
it holds that

STAS +2ATS +
STBS +2BTS+1°

J(unfl+S,(,})®---®s,§{‘”®s(")®sf,j_+1”® ® :f)l):

where the symmetric matrix A € RV*V | the positive definite symmetric matrix
B € RVXN the vectors A, B € R" and the real number « := a(up—_1, un—1) are
independent of S. Making the change of variable T = B'/2S + B~!/2 B, we obtain

j(un71+s,$})® osi VesVesiteg.. ®v(d))

TTCT +2CTT +y

= T =
L1 TTT +§

’

where the symmetric matrix C e RV ¥ the vector C e RV, and the real numbers y € R
and§ > Oareindependent of 7'. Solving problem (30) is therefore equivalent to solving
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find T;, € RY such that T}, € argmin £(T). (31)
TeRN

An efficient method to solve (31) is the following. Let us denote by (k;)1<i<n the
eigenvalues of the matrix C (counted with multiplicity), and let (K;);<i<ny be an
orthonormal family (for the Euclidean scalar product of RV) of associated eigenvec-
tors. Let (¢;)1<i<n (resp. (t;)1<i<n) be the coordinates of the vector C (resp. of the
trial vector 7) in the basis (K;)1<j<n:

N

C = ZC[K,’, T = ZtiK,'.

i=1 i=1

We aim at finding (# ,,)1<;<n the coordinates of a vector 7, solution of (31) in the
basis (K;)i1<i<y.Forany T € RY we have

ZtN:l it} +2Z£V:1 citi +y

L(T) =
S+

Setting p,,, := L(T;;) > 11, the Euler equation associated with (31) reads:

VI<i <N, kKitim—+ci = pmtim,

so that o
YI<i<N, tim=—+—. (32)
Pm — Ki
This implies that
N C,-2 N c,.z
ity = 2 Tty H 2R 5 by
m ZN Ciz s .
=1 (om—rxi)?
Setting for all p € R\ {«ki}1<i<n,
S e 25 Sy
i=1 K =2 i—1 7o
Mp) = ==, o (33)
N C;
2= (p—i)? +é
it holds that
om = L(Tn) = M(pm) < inf M(p) = inf L(T(p)),
peR\{kib1<i<n peR\{ki}1<i<n
where T(0) = 3N | 1:(0)K; with 1;(p) = 4 forall 1 <i < N.Thus,
pm = argmin  M(p). (34)

peR\{ki}1<i<n
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The Euler equation associated with the one-dimensional minimization problem (34)
reads, after some algebraic manipulations,

N 2

o=

P
ol Pm i

+y.

C
p—Ki

2
i

Setting f : p € R\ {ki}1<i=n > Do

+ y, we have the following lemma:

Lemma 4.1 Let Ty, be a solution to (31). The real number p,, := L(T,;,) is the smallest
solution to the equation

find p € R\ {«i}1<i<n such that p§ = f(p). (35)

Proof The calculations detailed above show that p,, is a solution of (35). On the
other hand, for all p € R satisfying (35), it can be easily seen after some algebraic
manipulations that p = M(p) = L(T (p)). Hence, since p,, is a solution to (34), in
particular, for all p € R solutions of (35), we have

pm = LT (pm)) = M(pm) = M(p) = p = L(T (p)).
O

Foralll <i <N, f(k;) = —o0, f(k;") = 400, f(—00) = f(+00) = y, and
the function f is decreasing on each interval (x;, ;1) (with the convention ko = —00
and ky+1 = +00). Thus, Eq. (35) has exactly one solution in each interval (k;, kj11).
Thus, o, is the unique solution of (35) lying in the interval (—oo, x1) (see Figure 1).

To compute p,, numerically, we first find a real xj*" < « such that f(k5"™") —
Sic"™ < 0. We then know that p,,, € (k5*", k1). We first perform a few (typically two
or three) iterations of a dichotomy method to solve equation (35) and use the obtained
approximation as a starting guess to run a standard Newton algorithm to compute p,,,.
We observe numerically that this procedure converges very quickly toward the desired
solution. The coordinates of a vector T;, solution of (31) are then determined using (32).
Thus, solving (30) amounts to fully diagonalizing the low-dimensional N x N matrix C.

Let us point out that problems (28) and (29) are different in nature: in particular, (28)
is an eigenvalue problem whereas (29) is not. In the discrete setting, the strategy pre-
sented in this section for solving (29) could also be applied to solve (28); however, since
itrequires the full diagonalization of matrices of sizes N x N, it is more expensive from
a computational point of view than standard algorithms dedicated to the computation
of the smallest eigenvalue of a matrix, which can be used for the resolution of (28).

4.3 Implementation of the Pure Residual Greedy Algorithm
The Euler equation associated with the minimization problem (10) reads:

Véz € Tx(zn), (Un—1+ 2n,62)a — (An—1 +v){up—1,8z) =0.
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y = bz

0 pn K3 K4

Fig. 1 Solutions of equation (35)

This equation is solved using again an ADM, which reads as follows:

ADM for the PReGA:

e [nitialization: choose (s(()l), .. (d)) eVix---xVyg

e [terateonm =1, ..., Myay:

—Iterate on j = 1,...,d: find s5’ € V; such that for all 8s) € V;,

(101 + 2. 8280") = Gt +0) (a1, 8257) = 0,
where
(J) _ s(l) - s =1 ®S(1) ®s(1+1) Q- ®S(d)

and

(SZ(])— (1)®®S’§n]71)®8s(])®sfnjjll)®® (d) .

Sm—1>

e set (r,(ll), ...,r,(ld)) = (s,(,,l), R s,g,d)).

(36)

In our numerical experiments, we observed that this algorithm rapidly converges to
a fixed point. Let us point out that using the same discretization space as in Sect. 4.2,
namely a Galerkin basis of N functions for all 1 < j < d, solving (36) only requires

the inversion (and not the diagonalization) of low-dimensional N x N matrices.
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4.4 Implementation of the Pure Explicit Greedy Algorithm

At each iteration of this algorithm, Eq. (16) is also solved using a very similar ADM
as the one detailed in the previous section. The only difference is that (36) is replaced
with
a (M,H +z0, Szfr{)) — ket (a1 + 237, 82) = 0.
We observe numerically that this algorithm usually converges quite fast. However,
we have noticed cases when this ADM does not converge, which leads us to think

that there may not always exist solutions z,, # 0 to (16), even when u,_1 is not an
eigenvector associated with a(-, -).

4.5 Implementation of the Orthogonal Versions of the Greedy Algorithms

An equivalent formulation of (17) is the following: find (c(()"), e, c,(,”)) e R such
that
(c(()"), . ,c,(l”)) € argmin a(coug +crz1 + - -+
(€0, ) ERML [lcquotci 21+ 4cpzal2=1
+cnzn, couo +c121 + -+ cnzn) - (37)

Actually, for all 0 < k, [ < n + 1, defining (using the abuse of notation zo = u):

By = (zk, z1),
A = a(zk, z),

and A := (Ay) € ROUTD>x0+D and B := (By) € ROTDX0+D the vector C™ =
(c(()"), e, c,g")) € R isasolution of (37) if and only if C is an eigenvector associated
with the smallest eigenvalue of the following generalized eigenvalue problem:

find (7, C) € R x R"*! such that CT BC = 1 and
AC = tBC,

which is easy to solve in practice provided that n remains small enough.

4.6 About the Convergence of the ADM

Let us comment about the convergence properties of the different ADMs presented
in the preceding sections. A priori, it is not obvious that such algorithms, in which
the functions composing the pure tensor product z,, := r,ll Q- ® r,'f are opti-
mized dimension-by-dimension, converge toward solutions of (26), (9), (10), and (16),
respectively, or even only to local minima of these minimization problems.
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In the literature, the analysis of ADM is well documented for the resolution of
minimization problems such as those arising for the minimization of the Rayleigh
quotient associated with a symmetric bilinear form (arising in the computation of
the initial guess) and for the minimization of a convex energy functional (arising
in the PReGA) [21,32]) for advanced tensor formats such as tensor train functions
for instance. It can be proved that these methods converge toward a local (but not
necessarily global) minimizer of the minimization problems (26) and (10).

However, there is no analysis of the ADM applied to the minimization problems
defining the PRaGA. We observe numerically that the algorithm is very good in prac-
tice, in the sense that it seems to quickly converge toward a local minimizer of the
minimization problem (9) which ensures the decrease of the sequence (J (45)),eN-
In addition, in Sect. 4.2, we provide a way to efficiently solve in practice the problems
that arise at each iteration of the ADM in the case when we use a dictionary composed
of pure tensor-product functions. However, it is not clear to us yet how we could gen-
eralize such a numerical strategy to deal with dictionaries using different formats such
as Tucker or tensor train functions. Both the theoretical analyses of the convergence
properties of this ADM and its practical implementation in the case of more advanced
tensor formats are interesting questions, but we will not address them in this paper.

In the case of the PEGA, it is not clear whether there exists in general a solution
to (16) such that z,, # 0 if u,,_1 is not an eigenvector of a(-, -) associated with X,,_;.
It is therefore difficult to analyze the ADM in this framework, even if it seems to be
quite efficient in practice.

It is to be noted though that even in the case of the PReGA, the convergence results
we prove rely heavily on the fact that the sequences of vectors (z,), <N produced by
the greedy algorithms are global minimizers of problems (9) and (10), as is usually
the case in the analysis of such greedy methods. There is indeed a gap between the
theoretical analysis of these algorithms and the way they are implemented in practice,
since the ADM procedures described in this section cannot guarantee in general that
the sequence of tensor products obtained are indeed global minimizers of the opti-
mization problems defining each version of the greedy algorithms presented above.
However, from our numerical observations, it seems that these procedures are suffi-
ciently efficient to ensure the convergence of the global procedures, and we refer the
reader to the numerical tests we performed in Sect. 5.

5 Numerical Results

We present here some numerical results obtained with the greedy algorithms studied in
this article (PRaGA, PReGA, PEGA, and their orthogonal versions) on toy examples
involving only two Hilbert spaces (d = 2). We refer the reader to [1] for numerical
examples involving a larger number of variables. Section 5.1 presents basic numerical
tests performed with small-dimensional matrices, which lead us to think that the greedy
algorithms presented above converge in general toward the lowest eigenvalue of the
bilinear form under consideration, except in pathological situations which are not likely
to be encountered in practice. In Sect. 5.2, we consider the problem of computing the
first buckling mode of a microstructured plate with defects.
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Fig. 2 Decay of the error of the three algorithms and their orthogonal versions: eigenvalues (left) and
eigenvectors (right)

5.1 A Toy Problem with Matrices

In this simple example, we take V = H = R¥>*Ny v, = RNx and Vy = RNy for
some Ny, N, € N* (here typically Ny = N, = 51). Let D D? ¢ RN+*Nx and
D', D% € RM*Ny be (randomly chosen) symmetric definite positive matrices. We
aim at computing the lowest eigenstate of the symmetric bilinear form

a(U,V)=Tr (UT (D““VDly + DvaDzy)) ,
or, in other words, of the symmetric fourth-order tensor A defined by
VI<ik <N 1<jl<Ny, Aju=DJD; +DFDY.

Let us denote by 11 the lowest eigenvalue of the tensor A, by I the identity operator,
andby P, € L(RN:*Nyy the orthogonal projector onto the eigenspace of A associated
with w1. Figure 2 shows the decay of the error on the eigenvalues logo(lp1 — Axl)
and of the error on the eigenvectors log;o(I[(/ — Py, )U, |l F), where || - || r denotes
the Frobenius norm of RVx*Ny ag a function of n for the three algorithms and their
orthogonal versions.

These tests were performed with several matrices DY DY D2 D2 either
drawn randomly or chosen such that the eigenspace associated with the lowest eigen-
value is of dimension greater than 1. In any case, the three greedy algorithms converge
toward a particular eigenstate associated with the lowest eigenvalue of the tensor A.
In addition, the rate of convergence always seems to be exponential with respect to n.
The error on the eigenvalues decays twice as fast as the error on the eigenvectors, as
usual when dealing with variational approximations of linear eigenvalue problems.

We observe that the PRaGA and PEGA have similar convergence properties with
respect to the number of iterations n. The behavior of the PReGA strongly depends
on the value v chosen in (HA): The larger the v, the slower the convergence of the
PReGA. To ensure the efficiency of this method, it is important to choose the numerical
parameter v € R appearing in (3) as small as possible so that (HA) remains true. If
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Y

e
o

Fig. 3 Composition of the plate

the value of v is well chosen, the PReGA may converge as fast as the PRaGA or the
PEGA, as illustrated in Sect. 5.2. In the example presented in Fig. 2 where v is chosen
tobe 0 and 1 & 116, we can clearly see that the rate of convergence of the PReGA
is lower than those of the PRaGA and PEGA.

We also observe that the use of the ORaGA, OReGA, and OEGA, instead of the
pure versions of the algorithms, improves the convergence rate with respect to the
number of iterations n € N*. However, as n increases, the cost of the n-dimensional
optimization problems (17) becomes more and more significant.

5.2 First Buckling Mode of a Microstructured Plate with Defects

We now consider the more difficult example of the computation of the first buckling
mode of a plate [4].

The plate is composed of two linear elastic materials, with different Young’s moduli
E1 = 1 and E; = 20, respectively, and the same Poisson’s ratio vp = 0.3. The
rectangular reference configuration of the thin plate is £2 = £2, x £2, with 2, = (0, 1)
and 2, = (0,2). The composition of the plate in the (x, y) plane is displayed in
Figure 3: The white parts represent regions occupied by the first material and the
black parts indicate the location of the second material. The measurable function
E:(x,y) € 2, x 8y E(x,y)isdefined such that E(x, y) = E if (x, y) belongs
to the subset of £2, x £2, occupied by the first material, and E(x, y) = E; otherwise.
The thickness of the plate is denoted by #.

The bottom part I'p, := [0, 1] x {0} of the plate is fixed, and a constant force F =
—0.05 is applied in the y direction on its top part /7 := [0, 1] x {2}. The sides of the
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plate I'y := ({0} x £2,) U ({1} x £2,) are free, and the outerplane displacement fields
of the plate (and their derivatives) are imposed to be zero on the boundaries I}, U I7.
The precise model (von Karman model) and discretization we consider are detailed
in Section 5.2 of [13]. For the sake of brevity, we do not give the details here, but
determining if the plate buckles or not amounts to determining the sign of the smallest
eigenvalue of a symmetric continuous bilinear form a(-, -) on V x V where

0 d
Vo= lve BAQ x 2)). v, 0) = v(x.2) = 2 (x.0) = 22 (x,2)
: ay dy
= 0 for almost all x € .Qx],

and forall v, w € V,

E(x, y)h?
a(v, w) := 2/ ———— [wpTrx (V) Trx (w) + (I —vp) x (v) : x (w)] dx dy
2:x82y 12(1 — Vp)

E(x,y)h
b2 2N ot ) Tre(w. w) (=) B0e, ) v, w)] dedy
Q%82 (I-vp)

for some ¢y € L?(£2, x 2,) and @g € (L>(£2y x .Qy))4 whose expressions we do
not detail here, and where for all v, w € V,

v dw L(dvdw 4 dvow
e(v, w) = dx dx 2 \ dx dy dy dx
U L (dudw y dvow) dvdw
2 \ ax dy dy 0x dy dy
and
v v
dx2 dxdy
xW) =1 5%, 2,
axdy 9?2

To compute this eigenvalue, the following particular dictionary is used:
Y = {r®s, reVe, se Vy},
where
Ve = HX(£2,) andV, = {s € H2(82y), s(0) =5'(0) =5(2) =5'(2) = 0}.
It can be easily checked that assumptions (HV), (HA), (HX'1), (HX2), and (HX'3)
are satisfied in the continuous and discretized setting we consider so that the above

greedy algorithms can be carried out. We have performed the PRaGA, PReGA, and
PEGA on this problem. The approximate eigenvalue is found to be A ~ 1.53. At each
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Fig. 4 Decay of the error as a function of n for the PRaGA, PReGA, and PEGA: on the eigenvalue (left)
and on the eigenvector in the H Z(Qx X £2y) norm (right)

ot

n =

Fig. 5 Isolines of the approximation of the first buckling mode of the plate given by the Rayleigh quotient
algorithm for n =1 (left), n = 5 (center), and n = 50 (right)

iteration n € N¥, each algorithm produces an approximation A, of the eigenvalue and
an approximation u, € V'V of the associated eigenvector.

The smallest eigenvalue 11 of a(-, -), and an associated eigenvector ¥1, are com-
puted using an inverse power method and used as reference solutions in the error plots
shown below. Figure 4 shows the decay of the error on the eigenvalue, and on the eigen-
vector in the H? (£2 x £2,) norm as functions of n € N*, for the PRaGA, PReGA, and
PEGA. More precisely, the quantities log,, (lk"’ ik 1‘) and log, (lulrllwlul]lyllzf:;ix;jy))
are plotted as a function of n € N*. As for the toy problem dealt with in the previous
section, the numerical behaviors of the PEGA and PRaGA are similar. In addition, we
observe that the rate of convergence of the PReGA is comparable with those of the
other two algorithms. Let us note that we have chosen here v = 0.

The level sets of the approximation u, given by the PRaGA are drawn in Fig. 5
for different values of n (the approximations given by the other two algorithms are
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similar). We can observe that the influence of the different defects of the plate appears
gradually when n grows.

Let us mention that in this article, for the sake of simplicity, we restricted ourselves
to toy numerical tests where the number of Hilbert spaces d introduced to decompose
the solution using rank-1 tensors as described in Sect. 4 was equal to 2. One could ask
if the ADM procedures presented in this section are robust as the number of Hilbert
spaces d arising in the decomposition of the solution becomes large. Actually, these
numerical strategies seem to work fine also in cases of rank-1 tensors where d is larger
than 2. We refer the reader to a forthcoming work of the second author and L. Giraldi
where these strategies were tested in combination with the use of hierarchical tensor
formats in numerical tests with d = 20.

6 Conclusion

In this paper, we have proposed two new greedy algorithms for the computation of
the smallest eigenvalue of a symmetric continuous bilinear form, proved some conver-
gence results along with convergence rates in finite dimensions for them, and compared
their numerical behavior with the strategy proposed in [1].

A lot of theoretical and numerical questions remain open though. A first theoretical
question concerns the state which is attained in the limit by these greedy strategies.
Indeed, as it is usually the case for iterative algorithms for eigenvalue problems, the
sequence (A,),eN of approximate eigenvalues produced by these methods converges
toward a limit A which is an eigenvalue of the bilinear form a (-, -) under consideration,
but this limit may not be the smallest eigenvalue of a(-, -).

Another theoretical issue is the convergence of the ADM for the PRaGA, which
seems to be very efficient on the numerical tests we have performed, but for which
we have no theoretical proof of convergence. In addition, it would be interesting to
generalize our numerical procedure to implement the iterations of this ADM for pure
tensor-product functions to the case of more advanced tensor formats.

Lastly, it would be interesting to compare these greedy approaches with other
numerical methods using more advanced tensor formats than pure tensor-product func-
tions as dictionaries. Our guess is that the most efficient methods would combine both
mathematical tools, in a spirit similar to the one proposed in [18, 19], where the greedy
strategy was used in combination to hierarchical tensor formats in order to enrich the
discretization subspaces. Some numerical tests using these combined approaches will
be the object of a forthcoming article of the second author and L. Giraldi.

We will address the case of electronic structure calculations (and in particular the
numerical issues arising from the antisymmetry of the wavefunctions) and parametric
eigenvalue problems in forthcoming works.

7 Proofs
7.1 Proof of Theorem 3.1 for the PRaGA

Throughout this section, we use the notation of Sect. 3.2.1.
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Lemma 7.1 Forall n > 1, it holds that
a(Uy, 2n) — A {Utn, zn) = 0. (38)

Proof LetusdefineS : R >t — J(uy—1+tz,). FromLemma3.3,since 1o < Ay, all
the iterations of the PRaGA are well defined, the sequence (1,),cN is nonincreasing,
and for all n € N*, we have u,,—; ¢ X. Hence, u,—1 + z, # 0, and since X satisfies
(HX'1), the function S is differentiable in the neighborhood of + = 1 and admits a
minimum at this point. The first-order Euler equation at = 1 reads

1
(PR (@(n—1+ zns 2n) — An{ttn—1 + 2n, 2n)) = 0,
n— n
which immediately leads to (38). O

. . . _ 1 ~ Zn

In the rest of this section, we will dfﬁne U = =5z and 7, = T 7l SO

that for all n € N*, u, = a,u,—1 + 7,. We first prove the following intermediate

lemma.

+00 13 12 +00 1> 12
—1 Iznll n=1 IZnllg

Lemma 7.2 The series and

T > 0 such that for alln > 1,

are convergent, and there exists

Anet = hn = TIZnl2. (39)

Proof Let us first prove that the series Z:{;Xf 1Z11% is convergent. For all n € N*, we
have

a(Up—1 ~+ Zn, Up—1 + 2n)
lttn—1 + zn ”2

a(up, uy) =

Thus, using (38) at the fifth equality,

A1 — Ap = a(up—1, up—1) — auy, uy)
_aGun—t, up—1) (2{un—1, z0) + lzall®) = 2a(un—1, z2) — a(zn, 2n)
B ltn—1 + za 12
_ 2Ot (tn—1 + 202 Zn) = @Qn—1 + 20, 20)) = dn=tll2nll’ + @, 2)
ltn—1 + 212
=2 (ne1{tn. Zn) — @(n, %)) + @G, Zn) — An111Znll
=201 = ) (tn. Zn) + aGnr Zn) — hn—1 [Zal?
> (Ax = Mn=DIIZall* = 21 — An) ttn, 7))
> (Ax = An=DIZall* = 201 — ) a7
> (Ax = Mn=DIZall* = Qa1 = A0 l1? = Gzt — An). (40)
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This implies that
200=1 = M) = [(hs = Ane1) = Qumt — )] 1Z0l1% (41)

From Lemma 3.3, (1,,),, <N is a nonincreasing sequence. In addition, since it is bounded

from below by ©1 = minyecy J (v), it converges toward a real number A = liT An
n——+00

which satisfies A < A9 < Ay. Estimate (41) implies that there exists § > 0 and
no € N* such that for all n > ny,

Anet1 = dn = 8lIZ0 )12 (42)

Hence, the series Z:{f{ [Z. 1% is convergent, since the series Z;f:“f (An—1 — Ap) is
obviously convergent.

Let us now prove that the series > "] [[Z, |2 is convergent. Using (40), it holds
that

A=l —Ap =2(p—1 — An)(“na En) + a(ZvnaZn) — An—1 ”Zn”2
> —2(hn—1 — Al IZnll + @Gy Zn) — A1 1Zall?
— et = Azl = Gt = An) 4 aGns Zn) = At IZ0ll>

v

Thus,
201 = 2n) + OV F dne1 + Gt — A)Z 1 = 120112 (43)

This last inequality implies that the series Z,J;Xf 1z ||3 is convergent since v + A >
v+ > 0,and that there exists T > 0 such that for all n € N*, &, — &, > T|Z,|12.
O

Proof of Theorem 3.1 We know that (A,),cn converges to A, which implies that
(l#nlla)nen is bounded. Thus, (u,),cn converges, up to the extraction of a subse-
quence, to some w € V, weakly in V, and strongly in H from (HV). Let us denote by
(tn, )keN such a subsequence. In particular, |w| = kEl:Ii-loo luen, Il = 1. Let us prove

that w is an eigenvector of the bilinear form a(-, -) associated with A and that (i, )xen
strongly converges in V to w.

Lemma7.2 implies thatZ, —> Ostronglyin V,andsince ||u, || = ||onutn—1+7nl =
n—oo
lly—1|l = 1 forall n € N*, necessarily o, —> 1. Thus, z,, = alZn also converges to
n—oo n

0 strongly in V.
In addition, for all n» > 1 and all z € X, it holds that

JUp—1 +2) = T Wn—1+ zn).
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Using the fact that ||u,,—1|| = 1 and a(u,—1, uy—1) = An—1, this inequality also reads

At [ 201 20} + 2l = 20001, 2) = 12172
+[2a(z, un-) +az D [ 1+ 21, 20) + 2]

— [2atun-1, 20) + @G 2] [ 14 201,20+ 1212] 2 0. 44)

In addition, (z,),cn+ strongly converges to 0 in V and (A,),cN converges toward A.
As a consequence, taking n = ny + 1 in (44) and letting k go to infinity, it holds that
forall z € X,

—22(w, z) — Azl + 2a(w, z) + a(z, z) > 0.

From (HX'1), forall¢e > O and z € ¥, ¢z € X. Thus, taking ¢z instead of z in the
above inequality yields

— 2xe(w, z) — A&?|z||* + 2ea(w, 2) + e%a(z, z) > 0. (45)
Letting € go to 0 in (45), we obtain that for all z € X,
a(w,z) = A(w,z) and a(z,z) > Allzl|.

Thus, using (HX'3), this implies that forall v € V, a(w, v) = A(w, v) and w is an H-
normalized eigenvector of a(-, -) associated with the eigenvalue A. Since a(w, w) =
lim a(uy,, uy,) and [|[w| = lim |lu,, ||, it holds that ||w|l, = lim |lup, |4, and the
k— 00 k— 00 k— 00
convergence of the subsequence (u,, )N toward w also holds strongly in V.
Let us prove now that d, (u,, F,) —> 0. Let us argue by contradiction and assume
n—o0

that there exists ¢ > 0 and a subsequence (u,, )xeN such that d,(u,,, Fy) > ¢. Up
to the extraction of another subsequence, from the results proved above, there exists
w € Fj such that u,, — w strongly in V. Thus, along this subsequence,

da(unka F)) < ”unk —wlly — 0,
n— 00
yielding a contradiction.
Lastly, if A is a simple eigenvalue, the only possible limits of subsequences of
(un)nen are w; and —w; where w, is an H-normalized eigenvector associated with

L. As (z,)nen+ strongly converges to 0 in V, the whole sequence (u,),cN converges,
either to w;, or to —w);, and the convergence holds strongly in V. O

7.2 Proof of Theorem 3.1 for the ORaGA

It is clear that there always exists at least one solution to the minimization problems
a7.
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For all n € N*, let us define o, := H’E" = Wu2n, Uy ‘= Aplly_1 + Zn, and

N N
— lun—142n
An = a(ly, uy). N

Foralln € N*, A, = a(uy,, u,) < A, = a(uy, u,). In addition, the same calcula-
tions as the ones presented in Sect. 7.1 can be carried out, replacing u, by u,. This
implies that for all n € N*, X,, < An—1 (and thus the sequence (1, ),cN 1S nonincreas-
ing). In addition, the series of general term (|[Z,12) el is convergent.

Thus, Eq. (44) is still valid for the orthogonalized version of the algorithm. Follow-
ing exactly the same lines as in Sect. 7.1, we obtain the desired results. The fact that
for all n € N*, (u,, up—1) > 0 ensures the uniqueness of the limit of the sequence in

the case when the eigenvalue X is simple.

7.3 Proof of Theorem 3.2 for the PRaGA

Lemma 7.3 Consider the PRaGA in finite dimension. Then, there exists C € Ry such
that for alln € N,
1T n)lls < Clizntilla- (46)

Let us recall that the norm || - |4 is the injective norm on V' defined by (20) and
thatforallv e 2 ={u € V, 1/2 < |Ju| < 3/2}, the derivative of [J at v is given by

1
YweV, (J (), w)yry = W (a(v, w) —a(v, v){v,w)).

Proof Since J is analytic on the compact set 2, the Hessian of J at any v € 2 is
uniformly bounded in the sense of the continuous bilinear forms on V x V;i.e., there
exists C > 0 such that

C
Yve 2, Yw,w' eV, |T"w)(w,w)| < Ellwllvllw/llv-

Thus, since ||u,|| = 1 foralln € N and z, —+> 0 strongly in H, there exists ng € N
n——+0o0

and g9 > 0 such that for all n > ng, all ¢ < &g, and all z € X such that ||z]|, < 1,

JUn +z2041) < T(up +62) < T WUp + 2n41) + (j/(un + Zn41), €2 — Zn+1>V’,V
+Cllez = zap1lly-

Since (J'(un + zn+1), Zn+1)v’,v = 0 from Lemma 7.1, the above inequality implies
that

2 201,112 2
e [(T n + 20s0): D] = Cllez = zua 12 = 2C (2122 + lzns 12)
Taking ¢ = % in the above expression yields

Vze X, [(JT'n+zs1), 2y v| < 4CIzlalznt1 lla-
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Using again the fact that the Hessian of 7 is uniformly bounded in 2, and that
lim ||z,41lla = 0, there exists ng € N such that for all n > ny,
n— oo

Vze X, [(T'n+zns1), vy — (T W), v v] < Clizllallzntilla,
and finally
Vze X, [(T'un), 2Dvv| < 5CIzlallznt1las

which yields the desired result. O

Proof of Theorem 3.2 Since d,(uy, F) —> 0, using (22), there exists ng € N such
n—oo

that for n > no,
|T ) = A0 = G — )10 < KNI () |-

Thus, using the concavity of the function Ry > ¢ > ¥, we have

0
Oon = 1) = Ounp1 =2 >

6
= —()»n _ )\,)179 ()"n _)\n—i-l) = K||J’(un)||* ()\n _)\n-ﬁ-l)-

Equations (42) and (43) imply that there exists a constant t > 0 such thatforalln € N,
An = Ant1 = Tl Zns1]|?. In addition, since [|u,[|> = 1, it holds that for all v € V,

(J/(un)s U)V’,V =a(uy, v) — Ap(ity, v).

Consequently, for n large enough, using (39), (46), and the fact that o;, —> 1, we
n— o0

obtain
O =2 = O =0 > ——— (A = A1) = _" 2
n n - n n - n
KT ()l KCllzp+1lla a
Ota 41~ ~
> KnC “Zn-i-l“a > 2KC”Zn+1”a-

Since lim «, = 1 and the series of general term ((A,, — 0% — g1 — )L)Q)nEN is
n—o0
convergent, the series of general terms (||Zy [|l4)en+ and (|2, la ) nen+ are convergent as
well. In addition, since «,, = = it can be easily seen that |1 — o, | = O(||za]l)
is also the general term of a convergent series. Thus, since |u, — up—1lls < |1 —
ay|(Ay +v) 4+ 1Znlla» the sequence (u,), e strongly converges in V to some w € F.
This also implies that there exists ¢ > 0 and ng € N* such that for all n > ny,
ln — un—1lla < cllZnllq. Defining e, := Z,‘Z‘; IIZk |« we therefore have
+00

ity = wlla < D Nuxgr — ulla < cen. (47)
k=n
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Let us now prove the rates (24) and (25). The strategy of proof is identical to the
one used in [3,8,27].
The above calculations imply that for £ large enough,

A — M = A — A7 >
[ Ak | [Akt1 |_ACK

IZk+1lla (48)

for any constant A > 2. We choose A large enough to ensure that M =
1-6
& ( ATCGK) ? < 1. Let us first prove that for all n € N*,

1-6

eny1 < ey — Me,” . (49)
By summing inequalities (48) for k ranging from n — 1 to infinity, we obtain

760

ACKen < |An—1 _)\'|97

which yields

1-6

76 0 _ -
(ACKen) < Pt =M < KNI Wn—D s« < CK|IZnlla = CK (en — eny1)-

Hence, (49). If 0 = %, (49) reduces to e, 1 < (1 — M)e,,. Thus, there exists ¢y > 0
such that for all n € N*, e, < ¢o(1 — M)". Since we have chosen A large enough so
that 0 < 1 — M < 1, (47) immediately yields (24).

Ifo € (0,1/2), we sett := l_oﬁ and, for n large enough, y, = Bn~' for some
constant B > 0 which will be chosen later. Then,

1\’ t
Yoi1=Bm+1)""=Bn"" (1 + ;) > Bn~' (1—;) =y (1 - tB_l/ty,i/t).

1-60

Choosing B large enough so that B > (%)4 with M = 2z (52%) 7 . and using
(49), we finally prove by induction that e,, < y,, which yields (25). m]
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