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Preconditioners for multilinear problems arising in
parametric Partial Differential Equations.

Damiano Lombardi' and Sébastien Riffaud?

1COMMEDIA, Laboratoire Jacques—Louis Lions, Sorbonne Université et Inria Paris, 2, rue
Simone Iff, 75012, Paris.

Abstract

This work deals with the set up of preconditoning methods for multilinear prob-
lems emerging from the discretisation of parametric Partial Differential Equations.
We are going to focus, here, on linear problems. We will investigate three different
preconditioning strategies. Some theoretical results are presented in order to assess
the properties of these preconditioners and understand their limitations. We present
several numerical experiments on three-dimensional parametric PDEs.

1 Introduction.

When Partial Differential Equations (PDEs) are discretised following a separation
of variable principle, they lead to a discrete multilinear problem to be solved. The
most simple way to write the separation of variable principle is the so-called canonical
polyadic format, which express a multivariate function as a sum of products of univari-
ate functions. When the number of variables is larger than 2, more stable ways to deal
with the separation of variables have been introduced. The use of tensor networks and
hierarchical tensor format for the approximation of PDEs solution is discussed in [5, 3]
and the references therein. Numerous methods have been proposed and investigated in
order to approximate the solution of multilinear problems. In [20] a greedy method to
progressively approximate the solution is described, and several methods to solve linear
problems when the solution is represented in a canonical polyadic format are detailed
in [8]. An energy minimisation method is proposed in [12]. In [9], a Bi-CG method is
proposed, in [4] an iterative thresholding method within a Richardson-type iteration is
investigated, which proved to be numerically efficient. A method to address a specific
class of multilinear problems (whose solutions are third order tensors) was proposed
in [22]. Solvers based on a geometrical (Riemannian) description of low-rank format
are investigated in [23]. In analogy with Krylov solvers for linear systems, Krylov



methods for multilinear problems are investigated in [18], and in other contributions,
[6, 11, 21, 10]. A survey is proposed in [15].

As for linear systems, a preconditioning technique could be introduced to improve
the resolution of multilinear systems. For instance, in [19] a SOR preconditioner is
investigated. In [17] two methods are investigated: a Riemannian version of the pre-
conditioned Richardson method as well as an approximate Newton scheme based on
the Riemannian Hessian. In [13] a semi-definite programming method is describe to
approximate operators as Kronecker products. Several contributions in the literature
deal with building preconditioners using machine learning methods [14, 1, 2, 16]. In the
present work, we try to define a priori the preconditioner, and to compute it without
the use of an offline phase.

We are going to consider Krylov based solvers, in the spirit of [18], and we are
going to describe and compare three possible preconditioning methods. In [24] several
preconditioners are studied to enable the efficient resolution of stochastic elliptic PDEs.
A strategy which is investigated in this work is based on deflation; the strategy based on
the Voronoi quantisation is similar, in the spirit, to one of the strategies we are going
to test. A difference is that, in the present work, we consider a general parametric
linear problem (not necessary elliptic), and we focus on devising methods dealing with
a low-rank approximation of the parametric solution.

The structure of the work is as follows: in Section 2 we introduce the notation and
the problem we are going to focus on; in particular, we are going to define the three
different preconditioning strategies we are going to study. In Section 3 we propose
some theoretical results to get some insight on the different strategies, their properties
and their limitations. In Section 4 we propose several numerical experiments on three-
dimensional PDEs.

2 Notation and problem setting.

Let d € N* and ©Q C R?, where typically d = 2,3. Let p € N* and © C RP be a compact
set, the parametric domain. Let u € V ® W1*(0) (V being a Hilbert space and W*
being the standard Sobolev space (1, k%)) be a real (eventually vector valued) function

defined as:
u{ OxO — R™

(:0) = u(z,) W
Let L € N*. Let {Ai},,; € L(V,W;) be a set of linear operators. In what

follows, we are going to assume that there exists a function space W such that W; —
W, 1<i<L. Let {gi};<;<; € W be a set of real valued measurable functions of the

parameters. Let f € W@ W1#(0). A (eventually semi-discretised in time) parametric
PDE can be written as:

L
[Zgl(ﬂ)fll]u =
=1



Let us remark that numerous systems of parametric PDEs can be written in this form.
We provide hereafter some examples.

Example 1: Let us consider a Poisson problem with linear reaction. Let © C R?
and © C R2. Let u € H} () ® L*(0) be the solution of:

— 9 Azu + You = f(l‘;lgl,ﬂg), in2xo©
u=0, on Jd x O,

Numerous examples arising in all areas of mathematical modelling can be cast in
this form. Even when considering time dependent problems, or non-linear problems, a
semi-discretisation in time or a fixed point iteration may result in a problem written
in this form.

Let us introduce a discretisation of the parametric PDEs written above. Let
{vi}icicn, € VN, C V be a basis of Vy,, dense in V. Concerning the discretisation
in the parameter space, several options are available. Assuming that the dimension of
© can be large, and for the sake of simplicity in the notation, we adopt a collocation
discretisation in ¥). This is not necessary, per se, and the use of other forms of discreti-
sation in the parameter direction is straightforward. Let {19 }1 <j<n, € © be a set of
parameter instances. The weak formulation in space of the parametrlc system consists
in finding the solution v € V'@ W* such that, for all v € V and all ¥ € ©:

Zgl (A, v) = (f, ). (2)

When introducing the discretisation, we particularise the variational formulation of
the problem by introducing the discretisation, asking that, for all v € Vy, and all

{19(])}1@@19:

L

> g (WD) (A, v) = (f,v).

=l
Here, we have introduced the notation uy to denote the approximation of u. Let
@ € RN=*No 4 can be written as:

19(] Z Uy V5.

When inserting this into the weak formulation we get:

L Ny
> gAY dijvi, vm) = (from), 1<m < Ny, 1< < Ny (3)



By virtue of the linearity of the operators A;, the expression can be cast as:

L N,
> g (WD) (A, vm)iti; = (f, vm)-
=l =1

Let A®D e RN=*Nz be real valued matrices and D®) e RN2*No be diagonal real valued
matrices, whose components are defined as:

l
Agn)z = <Alvi7 Um>7
O _ o (9
Djj = qi(9Y).
Moreover, let F' € RV=*No he the matrix whose components are defined as:
Frj = <f(19(j))7vm>
The Eq.(3) can be written as:

L N,
) ~ ! ,
3> 44Dy = Fup 1<m < N, 1< < N,
i=l i=1
We introduce the Kronecker product of matrices and rewrite synthetically this system

as:
L

3 [A“) ® DU)} i=F

=1
This is a multi-linear system which, in this case, results from the discretisation of the
parametric PDE. In the following, we denote:

L
A=Y [AU) ® DU)} .
=1
This is a tensor operator with L terms also sometimes refereed to as rank-L tensor
operator.

Since 4 is a matrix with a large number of entries (making its computation and full
storage prohibitive), we are going to approximate it in a low-rank format. We consider
in this work the following separated discretisation of the solution. Let n € N*. Let
{okt1<pen € VN, and {x}pe,, € WHE. The solution approximation is written as:

n
UN =Y ok ® Vi
k=1

The single term  ® ¥y is also called rank-1 tensor or pure tensor term. When the
solution is evaluated in (x,¥), it is intended that: uy(z,9) = > ¢_; ¢r(x)r(9). The
functions ¢y, can be written as:

N
ok = Dyvi,
i=1

4



where ® € RV=X™ ig the matrix containing the values of the degrees of freedom of the
functions . When discretising the functions ¥ by a collocation approach we get:

U, = P (919).

And hence:
n  Ng

V(@ 99) =3 Dy () T
k=1 i=1
By identification we can write:

n
" T
U5 = E Qi Wijs
k=1

which is the low-rank approximation of the degrees of freedom #. Solving the problem
amounts to compute the matrices & and V.

If the right-hand side F' can be expressed in a low-rank format (which we are going
to assume), the problem residual can be written in a low-rank format. This makes it
possible to exploit GMRES-like iterations to solve in an iterative way the multi-linear
problem. When the operator is in Kronecker format, its action can be evaluated as:

[A(l) ® DU)} ¥ =A0% g DOV,

which highlights what is the clear advantage of introducing a low-rank approximation
of the degrees of freedom 1.

The problem can be interpreted as follows: given a linear system of parametric
PDEs, its discretisation can be written as a linear system of size N, - Ny, the system
matrix being A € RN+"NoxNe'No - When the PDE has the structure detailed above,
the matrix can be factored as a sum of Kronecker products. We are going to leverage
this interpretation in order to propose several preconditioning strategies. Classically,
we are going to build approximations of A~!, the inverse of the matrix A. Of course,
these matrices are not computed nor stored at any stage of the computation. Instead,
their Kronecker product structure is exploited.

2.1 Preconditioners

Three kind of preconditioners are described.

Preconditioner type I: the first preconditioner has been used in [7] and it consists
in evaluating the operator in one single instance of the parameters, called ¥ € ©. Let
P € RN=xNz  defined as:

L
P=> g(0)AV.
=1

Since the original problem admits a solution for all ¥ € ©, the matrix P is invertible
and P~lv, for v € RN= costs the resolution of a linear system of size N,. In order



to solve this system, the classical methods (also adapted to the problem at hand)
can be used. Remark that this preconditioner can be written in multilinear format
straightforwardly: let Iy, € RN?*N9 be the identity matrix,

P = Py,
Let v € RV and s € RV, we have:

[P_l ®IN1J vRs=P lv®s.

Preconditioner type II: the second type of preconditioner can be seen as a
generalisation of the first type of preconditioner. Instead of considering one single
parametric instance, we are going to consider a set of instances Q = {19(‘1)}1 <@ € ©
and construct:

L
pl@ — Zgl(g(q))A(l)
=1
All the matrices P(@ are invertible. Let the g—th Voronoi cell be defined as:

Vo = {29 € O such that [9@ — 9| < [9®) — 9], for all 9P) € Q} .

We are going to denote ¢, the characteristic function of the g—th voronoi cell, and,
henceforth:
c(9) =1, ¥ e VD,

Intuitively, we would like to solve the linear system defined by the g—th matrix P
in all the parametric instances for which 9(9) is the closest parametric instance.
Let C(@ e RNv>xNo 1 < ¢ < Q the diagonal matrix whose components are defined
as: “
9 A
Ci1 = cy(0V)).

The preconditioner type II has the following expression:

Q
pUD — Z [P(Q)]_l ® C@
q=1
Let v € RV and s € RV, we have:
Q Q
3 [[P(Q)] g C’(Q)} ves=3 [PW] 1y CcW@s.
g=1 q=1

The computational cost of evaluating this preconditioner on a rank-one term is equiv-
alent to solving () linear systems of size N, and applying a diagonal matrix () times
on s.



Preconditioner type III: the third type of preconditioner is based on a compo-
sitional approach, in which a sequence of rank-one operators is applied to the input
tensor. We observe that building and applying rank-one operators to tensors is equiv-
alent to solving linear systems in each of the directions separately. This is relatively
advantageous from a computational point of view. Let € N* be the number of pre-
conditioning steps. Let us describe the first step of the procedure. The input tensor
to which we would like to apply the preconditioner is R = ZZEI 'r’,(f) & 7",(:9) .

We are going to build a sequence of single term tensor operators which approximates
the action of A on R. Let {;},,<; € Rand {v},,<; € R be two sets of coefficients.
We define: o o

L
p@E) — Z BAY
=1
and

L
PO =3 4D0),
=1

The rank-one operator takes the form:
P = [p@)a~1 g [p¥)a -1
where the superscript ¢ € N, ¢ > 0 denotes the iteration. The method reads as follows:
7@ =R - AR,
Rt) = R@ 4 p@) z()

and P@ is computed in such a way that the application on the operator A to the
residuals Z(9) is approximated at best. Remark that, at the first iteration: Z(® = R.
Putting these together, we obtain:

Rla+1) — [I _ P(Q)A] R L PR,
Formally, this relation makes it possible to define, by composition, the preconditioner:
pUIn.Q — [I — P(Q—I)A] pUIDE-1 L pQ-1

Remark that this preconditioner is not assembled in this form. Instead, the sequence
of rank-one operators P@ is identified and applied to the input tensor and to the
elements R(9.

Let us detail a possible way to compute the sequence of preconditioning steps,
leading to a simplification, i.e. matrices P@) and P which do not depend on the
iteration gq.

Let v, € RY= and vy € RN? be two vectors whose and

nR
R(m) = ZT](;C) ® V9,
k=1

7



"R
R™ = Z Ve ® 7“,(;9).
k=1

Let 7 = AR®) and T™) = ARY. Their detailed expression reads:
L

nR nR
7@ =35 40r @ DOy, = 3 (Z AU)r,(f)> ® DOy,
k=1

=1

nRr L nR
(1)7“1(;9) _ ZA(l)Vm ® (Z D(z)ﬁ(:?)) )
1=1 k=1

=1 k=1
Let {Ul($)} and Ulw)} be defined as:
1<I<L 1<I<L
nR
U =3 A0HD @ vy,
k=1

nR
= Z Ve ® D(l)r,(f).
k=1

The coefficients §;, 1 <1 < L are computed as the solution of

8 }1<l<L = arg 1nf |T (@) ZﬁlUl ||F,
=1

and, analogously, the coefficients «;, 1 <[ < L are the solution of’

* . 9
Bihagy = arginf [T = 373U}

This defines one single step of the preconditioner:
PO = p) g p®),

3 Analysis of the preconditioners.

In this section we analyse the preconditioning strategies detailed in the previous section

In particular, we are going to consider the following hypotheses

1. The parameter set © C RP is a compact set. This entails that there exists a
constant g, > 0 (the Chebyshev radius) and a point 9(©) (the Chebyshev centre)

such that for all ¥ € ©, |9 — 9| < p,.



2. For the present analysis we start from the semi-discretised in x formulation and
consider the matrix field: A : @ — RN=XNe which is defined by:

L
AW) =Y a9)A.
=1

We make the hypothesis that, for all ¥ € ©, the matrix A(J) is invertible.

3. The functions g; are Holder continuous, and, in particular g; € C%*(©),1 <[ < L,
0 < a < 1, where we denote | - | the Euclidean norm.

3.1 Analysis of the preconditioners (/) and (/7).

Let us first consider the Preconditioners type (I) and (II). We are going to analyse
the first kind of preconditioner, and the result of the second will follow. This is also
compatible to the fact that the first kind of preconditioner can be interpreted as a
particular case of the second one.

To analyse the effect of the preconditioners (/) on the problem we are going to
consider the matrix field as function of the parameters and analyse how close is P to
the inverse A(9)~!. Let us recall that A(9) € RN=*Nz ig the matrix corresponding to
the discretisation of the problem for the parametric instance ¥:

L
AW) =3 a(9)A0.
=1

Analogously:
L
P=Y a0
=1

We present a first Lemma bounding the difference of the matrix A(J) and P.

1. Lemma: Let o € (0,1) and g, € C¥%(©), 1 <1 < L be Hélder continuous, with
{Ki}1<i<, being the Hilder continuity constants. Then, there exists a constant by such
that, for any matriz norm || - || it holds:

IA(9) = P|| < by sup [0 — 9|
IS(S)

where
L

bo = rll AV

=1

Proof. Let us consider:
L —
1A@) = P = I >_(9(9) — 9(8))AV].
=1

9



By virtue of the properties of the norms and of the Holder continuity it holds:

L L
Z —qi(V)A Z @)AY]| < Zm\ﬂ 91 AV

=1

From this, we conclude:

L
A(9) — P|| < sup |9 —9|* ki ||AD] ] .
|A(MW) — P 196@\ \ (Z AV

=1
O

From this Lemma it is clear that it is advantageous to take ¥ in such a way as to
minimize the maximum distance with respect to all the elements of the set ©. The
optimal choice for ¥ is represented by the Chebyshev centre 9(%) of the set ©, and the
maximum distance would be, in that case, the Chebyshev radius. We are going to
denote o = supyeg | — 9] and it holds ¢ > ..

Let us consider the singular value decomposition of the matrices A(J) and P:

AW) =UW@)SW)V (),

=TSV
The fact that, for all ¥ € © the matrix A(¥)

is invertible, implies that, for all ¢:
0< UNz(’ﬂ) <...< (71(’[9),
and U,V are elements of the unitary group U(N,).

(2)

2. Lemma: Let the result of Lemma 1 holds. There exists two constants by ’,b; > 0
such that:
0:(0) —7i| < b5 0™ +bro, 1<i <N,

Proof. For a generic triplet u(1), o (), v(1) it holds:

Analogously,
Py =7 .
We take the difference of the two problems:
AW)v(9) — Po = o(D)u(V) — 7 w.
We add and subtract Pv(¥) and gu(v) on the left and right hand side respectively:

(A—P)v(9d) + P(v(9) —v) = (6(9) —7)u(I) + a(u(d) — u).

10



We take on both side the Euclidean scalar product with w(1):
u(9)T (AW — P)v(9) + u(9)T P(v(9) —v) = (0(¥) — 7) + ou(?)’ (u(9) — a).
We get:
(0(0) =) = u(@)" (AW) — P)u(¥) +u(9)" [P(v(9) — ) — 5 (u(¥) —w)].

Aiming at bounding |o(¥) — | we consider the two terms on the right-hand side
separately. Concerning the first one, we exploit the result of Lemma 1 particularising
it for the 2—norm || - |2 and write:

[u(@) (AW) = PYo(9)| < |A(W) - Pllz < b7o",

where: 02 = S | k]| AV,

Concerning the second term on the right-hand side, let us first recall that the set
© is compact. Moreover, we observe that u(J),v(¥) as well as @, v are all elements of
the compact Stiefel manifold M= (when considering the whole set of left and right
singular vectors, we can consider them as elements of the unitary group). The set being
simply connected, we can move away from the identity with continuity. Furthermore,
when ¥ = ¥ the second term on the right-hand side vanishes. It is possible to introduce
a constant by > 0 such that, for all ¥ € ©:

[u(@)" [P(u(9) — ) = 5(u(¥) — @)] | < bre.

The constant b; depends on the singular values & of P.
It holds:
lo(9) = 3] < b5 0" + bio.

O]

In view of proving the main results concerning the preconditioners of first and
second type, we are going to introduce a further assumption. Let wu;(}),u be the left
singular vectors of A(¢J) and P respectively. There exist {n;}, <y, € RT such that

] ui(9) > exp (—mild = 9]), 1<i<N,.
Remark that this implies that there exists a 7 > 0 such that:
! ui(9) > exp (—mi0) > exp (-ne), 1<i< N,

1. Proposition: Let © be compact, such that, for all 9 € O the matriz A(V) is
invertible. Moreover, let gg € C%*(©), 1 <1 < L be Hélder continuous. Then, the
condition number with respect to the 2—norm of P~1A(¥) satisfies:

conds (P~ A(1)) < e5(0) + e2(0)(1 — €)Y + co(0)er (0) (1 — ™),
for some positive constants c1,co,c3 > 0 depending upon o, such that:

lim conds (P_IA(ﬂ)) = 1.

0—0

11



Proof. 1t holds, by definition:
conds (PLA()) = [|P~ A() 12| A(9) Pl

Let us consider the singular value decomposition of the matrices P~! and A(d).
We have: R
PlAW) =V S U USVT.
When considering the 2—norm, by virtue of the fact that V and V are unitary matrices,

we can write:

1P YA@) |2 = IS T US| .

Analogously: o
IA@) " Pll2 = |ST'UTT Sl

We are going to use the Gershgorin theorem to provide bounds on the absolute value
of the eigenvalues. Let’s start by the matrix S'TUS. 1ts components read:

——1=T 1 —=r
(S U USJij = E[U Ulijo;.
The diagonal entries are:
ST US) = %[UTU]M.

By using the result of Lemma 2 and the hypothesis (H1) we get:

582)90‘ +b1o

7

ST US| < (1 + ) , 1<i<N,.

The radius of the Gershgorin circle is:

Nz
05\ 7T
ri =Y Z|[T Ulyl.
—. 04
JFi
The upper bound of the radius is obtained by applying the Cauchy-Schwarz inequality
and the hypothesis (H1) on the extra-diagonal entries of [UTU |:

N, 9 1/2
(Zj#i Uj) (1—e ) /2

r; < —
o)

Remark that:

Na
Yoo = Al -
i#i

12



By virtue of Lemma 1, we can write:
2

b(()F)Qa
[diia

1+

IAIE < 1P

Moreover, Lemma 2 makes it possible to write:

2
b((f) o*+ bio

2 S =2
o; >0 |1—
1 — (2 [ O_Z
By combining these two results we get:
Ng (F) (o 2 (2) (3 2
b b +b
>0} <P |14 05 | — 7 |1 - e
— 1PllF Ti
JFi
: Nz =2,
Let us consider that ||P||% = > 72
N, N, (F) o 2) o 2
_ o by "o by 0" +bio
2 2 2 /=2 0 0
2 5=t | (142 5/ (” ||P\|F> ‘( e
J#i J#i
The bound on the radius has the following expression:
1/2
N () o\ 2 2) ?
9 by o by 0% + bio mon1/2
ri < 1-1-5 /72 | |1+ 2 —(1-2=— 1—e )",

J#i
(2) o

by 0¥+b1o .

0771,1§Z§Nx.

g4

For the sake of compactness in the notation we denote: &;

The upper bound on the i—th eigenvalue is:
1/2 Yo 52 by oo ’ v
N <@g+ (1—e) 2 143 2] (140 —(1-&)?
ok 1Pl

Remark that the lowest part of the spectrum of P is the most critical one. Let us
particularise the expression of the bound by considering i = N,. We get:

12 | I1PII3 b\ )
IPAM) 2 < (1+&n,) + (1 —e) " | 58 1+ -0 —(1—¢n,)
o3, IP]r

1/2

Let us remark that lim,_o [|[P~1A(9)]|2 = 1.
We develop an analogous computation for the matrix S~'UTU S. Concerning its

diagonal elements we can write:



The Gershgorin radius is bounded by:

2 1/2
vy < ; 1£| (\P”F _1> (1_6_77@)1/2‘
— & 0;

This is particularised for ¢ = i,, the index which is maximising the bound expression
over all 1 <17 < N, and makes it possible to write the following:

—mo\1/2 2 1/2
HA(ﬂ)ilp”Q < 1 + (1 € ) <HPHF _ 1) )

11— &.| 11— &.l Ti.
Let: 12
2
1PIE [, b e :
co(e) = | = 1+ - (1-¢n,) :
T, 1P[lF
1 (Pl >1/2
ci(0) = — —1 ;
C \1—§¢*|< i,
¢
(o) = 20+ (14 Ew)ar(o)
The bound on the condition number can be expressed as:
_1 1+¢&n, —noy1/2 —ne
condy (P71A(9)) < M6 +c2(0)(1 — e )= + co(o)c1 (o) (1 — e ).
And this concludes the proof. O

Let us remark that:
. -1 .
Ll,l_rfé condy (P1A(Y)) = 1.

The result of the Proposition 1 highlights the intuitive fact that the smaller the set
© is, the better the performance of the preconditioner is. The different terms of the
expression shed some light on the amplification factors acting on the matrix condition
number. In particular, if the eigenvectors of the matrix A change significantly, or
the matrix have a very small singular value, the amplification of the condition number
might be significant even for sets © characterised by a relatively small p. This motivates
the development of other types of preconditioner. This analysis holds true also for the
second type of preconditioner. By construction, the Chebyshev radius of the Voronoi
cells of the set ©, which we denote {g(q)}1<q<Q satisfy: 0@ < o. It follows that the
condition number cannot be worse than when using the first kind of preconditioner.

14



3.2 Analysis of the preconditioner (/7).

The third type of preconditioner is based on a different principle. Given a residual, it
constructs a sequence of approximations of the inverse of A applied to the residual.
When considering the semi-discretised in « formulation, the preconditioner P takes

the form: ]
P) = [P,

L
Zm:l YmYGm (19)
First, let us discuss the action of this rank one operator onto the matrix A(1}).

-1

kfﬁvgﬁmﬂ” (fhwm@>:w@w(§j 9:(9) mﬂ
m=1 - =1 l = Zﬁlzlvmgm(ﬂ) '
Let: )
_ g
I e N
We define:

L
AWy => ()AL,
=1

From this simple computation we see that applying a rank-one operator onto the matrix
field is equivalent to construct a preconditioner P(*) acting on a modified matrix A(49).

3. Lemma: Letr >p and gy € WY (©), 1 <1< L. Let Zlel ’ylgl(ﬂ)‘ > ag > 0 for

all ¥ € ©. For any matriz norm, there exists a positive constant k > 0 and o« = 1 —p/r
such that: .
1A@) = PO| < g2,

Proof. Let us start the proof by observing that, for r > p we have W17 (0) — C%(0).
We can verify that the functions:

gi
Zﬁz:l YmGm 7
are such that: y, € Wb — C%%(©), with a = 1 — 2. We shall write:

re

1
T

IVallLr@), 1 <1< L,

S 1
I(p/2+1)

sup |y — | < P
9ed

for positive constants ngl), I' being the FEuler gamma function. Let us set C, =
l
maxi<i<r {01(, )}
Any matrix norm of the difference between A(99) and P(*) satisfies:

L

> () = B)A

=1

1A~ P9 =

L
< ngp e — Bl | Aull-
=1
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Let us use the result for the bound of the L> norm of the functions (y; — 3;) and define:

3(1=p/m)
M2
K= Z IVgill Lo o) 1 Al
C(p/2+ )]s
It holds: )
JA(@) = PO < k™",
which concludes the proof. O

Remark that the use of the embedding for the L° norm made it possible to get
the expression of the constants. The conclusion, per se, could be reached by observing
that WP"(©) — C%*(©) with a =1 — p/r.

This Lemma makes it possible to prove a sufficient condition for the preconditioner
to get closer and closer to the application of the inverse to the residual. This is the
object of the next Proposition. We are going to particularise the result to the case of
constant type (I11) preconditioner detailed in the last part of the previous section.

Let us prove the following Lemma, based on the results in [25].

4. Lemma: Let a matriz B € RN=*Ne be q square real valued matriz, and we denote
its trace tr(B), its Frobenius norm ||B||% = tr(BT B). We consider the square matriz
I — B, where I is the identity. The eigenvalues of I — B are denoted {)‘i}1<i<Nx eC.
The largest in modulus eigenvalue is denoted \1. If: o

tr(B
0< r]i[ ) <2,
e x(B)
r
Bllp < ——m———,
then:
|)\1| < 1.

Proof. We are going to apply the main result of Theorem 3.1 in [25], by taking into
account that the matrices are real valued. Let:
tr(I — B) tr(B)

N, N’

M:

, tr(I-(B+B"+B"B) ,
s, = N —pus.

We can simplify the expression for s2:

, t(BTB) (tz(B))?
@« N, N2
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The upper bound being given by |A;| = |u| + (N, — 1)'/2s, we obtain:

N, N?

x

2\ 1/2
|A1!<‘1—tr]£[B)‘+(Nx—1)1/2 (tf(BTB) (tr(B)) ) |

We now show that the two hypotheses made on the trace and Frobenius norm are
sufficient to have an upper bound which is strictly smaller than 1:

2\ 1/2
‘1 _ tr]if)‘ + (N, — 1)/2 (tr(ijB) _ (trj\g)) ) <1

We reorder and get:

N, N2 N,

T

(M_Um<m#@><mmfy”<bﬁ_uww

The first hypothesis

tr(B)
0< < 2.
Ny
ensures that the right-hand side is positive. We develop the absolute value and get
two cases. The most ristrictive one corresponds to the case 1 — % > 0. We take the

square on both sides when considering this case and get:

2 2
v,y [IBIE (@8] (@(3)
¥ N, N2 N2
The assumption:
tr(B)?
B|% < ———,
makes it possible to verify the inequality and this concludes the proof. O

2. Proposition: Let the hypotheses of Lemma 3 hold. We define:

L
B() =Y () A[PW].
=1

If, for all ¥ € ©:
0 < tr(B(9)) < 2Ny,

and ( (19))
tr(B
B(v —
IBO)r < =1
then,
lim [|Z@] = 0.
q—00
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Proof. Let us recall the iterations defining the third type of preconditioning strategy
with constant rank one operator P:

7@ =R - ARY,
Rt — R@ L pz(@),

First, let us remark that Z(9 — 0 implies R(9 — A~'R, which is the sought result.
Let us show that the sequence of Z(@ is determined by the matrix I — AP.

Zlat) — R _ ARlH) — R _ A |R@ 4 PZ(q)] )
This gives us:
Z@t) = R — ARW — APZ@W = 70 _ APZ = [I - AP]Z9.
Let us remark that this implies:
7@ = 1- AP]7Z©) = [I — AP]’R.
A sufficient condition for the sequence Z(9 to converge to 0 is given by:
Il — AP < 1.

We introduce the semi-discretised in x formulation and obtain:

0 _
AP =3 Iy pyt
which gives us:

L
A(D)P(9) = [Z w(@) A [P = AW)[PW) " = B(v).
=1

We make use of the result of Lemma 4, which guarantees that the spectral radius of
I — B(9) is smaller than 1, and this concludes the proof. O

The result of the Proposition highlights that there are sufficient conditions for
approximating the action of [A(9)]~! by the repeated application (eventually an infinite
number of times) of a matrix field which is a product of a function depending upon
the parameters and a constant matrix.

Remark: An alternative way to get a sufficient condition is given by the following
consideration:

11 — A@)[P@]Y| = ||(P®) — A@)[PW] 7Y < [P — A@)|I[P™) 7] < 1.
We use the result of Lemma 3 and write:

roZ(I[PW) ) < 1.
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U

(a) (b)

Figure 1: Mesh of the space domain 2 (a) and parameter box with ) = 4 centres for
Preconditioner (I7) (b).

4 Numerical experiments.

We are going to present, in this section, some numerical experiments to assess the
properties of the proposed preconditioners. We consider £ C R3 the spacial 3d domain
represented in Figure 4.

The parameter domain is © = [0.1,20]2. The problem we are going to solve is a
linear elliptic PDE of the form:

91+ 0
— 9 Au+ Dyu = 1"; 2 onQ,
u =0, on 0.

In this case the solution u(-,9) € HZ(Q) exists and it is unique for all ¥ € ©.
Concerning the space discretisation, we are going to consider P1 finite elements in
space and a collocation method for the parameters. The computational mesh is shown
in Figure 4.(a), the number of degrees of freedom is roughly 10°. Concerning the
parameters we consider a uniform grid with Ny, = Ny, = 102, hence corresponding to
10* collocation points. The total number of degrees of freedom, if we would write the
global system would amount to roughly 10'° degrees of freedom.

For all the tests we are going to show we are going to consider a TT-GMRES
as it described in [18]. Concerning the rounding procedure for the tensors, we use a
standard POD with truncation tolerance e pop = 10~%. For all the tests, we are going
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to perform Nayres = 40 iterations of TT-GMRES with truncation. For all the tests
we performed, we recorded the Frobenius norm of the non-preconditioned residual at
each GMRES iteration, the solution rank and the computational time per iteration.
Concerning the Frobenius residual norm, it is defined classically, by considering the
matrix whose columns are the residual of the 10* parametric problems we solve. To
estimate the average residual per problem, the number reported in the next sections
can be roughly divided by /Ny = 10°.

Without preconditioner, after 40 GMRES iteration, the Frobenius norm of the
residual is around 2 - 107

4.1 Preconditioners type (/) and (I]).

We start by looking at the results for the preconditioners type (I) and (IT). As already
stated, the preconditioner type (I) can be seen as a particular case of the second type
of preconditioner, when taking just one Voronoi cell. In this case we take ¥ as the
barycenter of ©. In this case, when considering more cells, we decided to uniformly
subdivide the square, and place the centres as follows. We recall that (Q € N* is the
total number of cells, and we tried Q = {1,4,9, 16}.

07y = L(?ml), 1<i<VQ.
and L for the present problem, represents the lenght of the parameters box sides. An
exemple of center placement is represented in Figure 4.(b).

In Figure 4.1.(a) we show the solution rank as function of the iteration, for the 4
different values of @) we tested. We can see that, for the present problem, the solution is
relatively low-rank, leading to a significant compression ratio. We see that using a more
refined in ¥ subdivision leads sooner to higher ranks, but this will have to be interpreted
by looking at the residual norm as function of the iteration. In Figure 4.1.(b) we show
the computational time per iteration as function of the iteration. Two factors have
an impact of the computational cost: the solution rank, and the number ) which
determines the number of linear problem resolution we have to perform. In the plot
we clearly see that these effects.

In Figure 4.1.(a) we show the residual Frobenius norm as function of the GMRES
iteration. We can clearly see the benefit of introducing a finer subdivision. In partic-
ular, for n = 16, for the same number of iterations, we can gain almost two orders of
magnitude on the residual. Lastly, we plot in Figure 4.1.(b) the residual as function
of the computational time (cumulated), in logarithmic scale. We can see that, for the
present problem, the finer subdivision is able to reach lower values of the residual, but
at a larger cost.

4.2 Preconditioners type (/11]).

We show in this section the results for the third type of Preconditioner. In particular,
we tested extensively the preconditioner we obtain by considering, as constant vectors
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Figure 2: Solution ranks (a) and computational time per iteration (b) as function of the

GMRES iteration for Preconditioner (11).
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Figure 4: Solution ranks (a) and computational time per iteration (b) as function of the
GMRES iteration for preconditioner (111)

v, = 1p,, and vy = 1n,, the vectors whose components (NN, and Ny respectively) are
all equal to 1. In this case we have:

in, D1,
= 1<1<2
Bi N, , 1< ;
1IN T AN,
"= N,

With this choice, given the fact that g1 () = 91 > 0 and g2(9¥) = J2 > 0, since the mass
and the stiffness matrices are positive definite, it follows that P*) is positive definite,
hence invertible. Similarly, we can prove that the denominator of the functions y1, yo
does not vanish.

We consider Q = 1,2,3,4. As done for the other type of preconditioner, we report
hereafter the observations on the rank, residual norm and computational time.

In Figure 4.2.(a) we show the solution rank as function of the GMRES iteration.
The behaviour is similar to the one observed for the second type of preconditioner. A
preconditioner with larger ) would tend to decrease the residual faster with respect
to the iteration, inducing a higher rank. In Figure 4.2.(b) we show the computational
time per iteration as function of the iteration. In this type of preconditioner as well,
the cost is determined by @) and by the rank.

In Figure 4.2.(a) we show the residual Frobenius norm as function of the GMRES
iteration. As we can see, also in this case, there are roughly two orders of magnitude
after 40 GMRES iteration between the resolution with Q = 1 and the one with @ = 4.
In Figure 4.2.(b) we show the residual Frobenius norm as function of the computational
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Figure 5: Solution residual norm as function of the GMRES iteration (a) and residual norm
as function of computational time, in logarithmic scale (b) for preconditioner (I17).

time in logarithm scale. We see here a pattern which is similar to the one observed for
the second type of preconditioner.

Overall, for this numerical test, we can see that the third type of preconditioner
has a better trade off between accuracy and computational cost.

5 Conclusion.

In this work we addressed the problem of setting up preconditioners for parametric
PDEs, and, in particular, when the solution is approximated in a low-rank format in
which the space-time variables are separated from the parameters. Three different
preconditioning strategies have been investigated and compared. In the three of them,
the goal is to approximate the action of the inverse of the (parametric) matrix obtained
when semi-discretising in space(-time) the PDEs. The two first type of preconditioners
are based on the idea that the matrix A(J) evaluated for one instance of the parameter
is a good approximation of A(¥) when 1 belongs to a neighbourhood of ¥J. The third
type of preconditioner is based on the approximation of the action of the inverse by
repeated application of a rank-one tensor operator, which is the product of a function
depending upon the parameters and a constant matrix. Some theoretical results have
been presented concerning the three preconditioning strategies. The numerical tests
have been performed by considering the accuracy and the computational burden of
the preconditioners used in a TT-GMRES method. For the three strategies, the gain
with respect to a non-preconditioned strategy were significant. On the numerical tests
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performed, the third preconditioning strategy proved to be the most effective one in
terms of trade-off between accuracy and computational cost after a fix number of TT-
GMRES iteration.

Numerous perspectives arise concerning all these strategies. For the preconditioner

type (II) further investigations will try to understand whether we can optimise in a
relatively inexpensive way, the distribution of the centres of the Voronoi cells. For
the preconditioner type (I11) we will investigate how an iteration-dependent precon-
ditioner could be set up by limiting the computational overheads.
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