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The Reference Point Method, a “hyperreduction” technique:
application to PGD-based nonlinear model reduction

M. Capaldo®, P-A. Guidault®* D. Néron®, P. Ladeveze”

“EDF R&D, THEMIS/R22, 91120 Palaiseau, France
bLMT, ENS Cachan, CNRS, Université Paris-Saclay, 942385 Cachan, France

Abstract

A new approximation technique, called Reference Point Method (RPM), is proposed in order to reduce
the computational complexity of algebraic operations for constructing reduced-order models in the case of
time dependent and/or parametrized nonlinear partial differential equations. Even though model reduction
techniques enables one to decrease the dimension of the initial problem in the sense that far fewer degrees
of freedom are needed to represent the solution, the complexity of evaluating the nonlinear terms and
assembling the low dimensional operator associated with the reduced-order model still scales with the size
of the original high-dimensional model. This point can be critical, especially when the reduced-order basis
changes throughout the solution strategy as it is the case for model reduction techniques based on Proper
Generalized Decomposition (PGD). Based on the concept of spatial, parameter/time reference points and
influence patches, the RPM defines a compressed version of the data from which an approximate low-rank
separated representation by patch of the operators can be constructed by explicit formulas at low-cost
without resorting to SVD-based techniques. An application of the RPM to PGD-based model reduction for
a nonlinear parametrized elliptic PDE previously studied by other authors with reduced-basis method and
EIM is proposed. It is shown that computational complexity to construct the reduced-order model can be
divided in practice by one order of magnitude compared with the classical PGD approach.

Keywords: RPM, nonlinear model reduction, PGD, reduced basis, LATIN method, hyperreduction

1. Introduction

Numerical simulation has been playing an increasingly important role in science and engineering due
to the need to describe realistic scenarios and derive tools to facilitate the virtual design of new structures
while reducing the use of real prototypes. Most of the time, engineers are interested into specific quantities
called outputs (e.g. forces, critical stresses, pressure drops...) in some particular zones, rather than into
the description of the model at each point of the considered domain. These outputs are functions of the
system parameters, called inputs (e.g. geometry parameter, material properties, boundary conditions and
loadings...), that define a particular configuration of the model. The evaluation of these outputs needs the
solution of the underlying PDE that requires a computational cost which, in some engineering fields, can
be very high, especially when the simulations concern nonlinear analyses of complex high-fidelity models.
Moreover, engineering design and optimization may require thousands of these evaluations, sometimes in
real-time. A challenging issue would be to provide engineers with a kind of Virtual Chart constructed during
an offline stage that can be CPU intensive. Once constructed, it can be used online to solve real-time or
many queries simulations. Despite of the continuing progress in computer speeds and hardware capabilities,
the construction of those charts would be hardly tractable with classical numerical approaches.
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Model reduction techniques aim at circumventing this obstacle by seeking the solution of a given prob-
lem in a reduced-order basis (ROB), whose dimension is much smaller than the size of the original high-
dimensional model. These techniques take advantage of the redundancy of information that usually exists
when describing the solution. In applied mathematics, the first proposed model reduction technique was the
Proper Orthogonal Decomposition (see [1, 2, 3, 4, 5] or the review [6] for more examples). Techniques based
on POD involve a learning phase which consists in solving the problem at some particular time instants
and/or parameter values arbitrarily chosen, either from the full-order model in space or, sometimes, from a
simplified model. These solutions, called snapshots, can be CPU-expensive. A ROB is subsequently formed
by considering only the most relevant POD modes of these snapshots. The reduced-order model (ROM)
is then classically generated by Galerkin projection onto the ROB and solved for the entire time and/or
parameter domain, but other approaches such as Petrov-Galerkin or minimization techniques can also be
used. The strong point of these techniques is the fact that, the number of the most relevant POD modes is
often much lower than the size of the full-order model in space, however it is case sensitive [7]. For instance,
in dynamics computations, changes in boundary conditions can drastically affect the POD accuracy and a
high number of snapshots may be required [7, 8]. Since the 80’s, the Reduced-Basis (RB) approach has been
developed and consists in a greedy algorithm to select the most relevant calculations to be performed on the
parametric space in order to enrich the ROB [9, 10, 11, 12, 13, 14, 15, 16, 17]. In this technique, snapshots
are selected by a greedy algorithm such that the new (n + 1)** snapshot minimizes the residue, associated
with a chosen norm, of the solution achieved by solving the original problem projected onto the n-order
reduced basis. In that way, this strategy ensures the quality of the reduced-order basis for the construction
of the ROM and palliates the case-sensitivity of POD.

Another appealing family of model reductions which has received a growing interest during the last
decade is based on the Proper Generalized Decomposition (PGD). This technique does not need to solve
the full-order model since it does not require snapshots to build up the ROB. Basically, PGD consists in
seeking the solution of a problem in a relevant ROB which is generated automatically and on-the-fly by
a greedy or power iterations algorithm. The interested reader is referred to [18] for a review on PGD-
based techniques and to the book [19] for a handbook on separated representations and model reduction
techniques. A valuable survey on the use of separated representations for solving parametric models can
also be found in [20]. In the field of computational mechanics, PGD was used in [21] under the name of
radial loading approximation as one of the fundamental ingredients of the LATIN (Large Time Increment)
method [22], a non-incremental solution strategy for nonlinear evolution problems. By an alternating-
direction scheme, the strategy generates approximations of the solution on the entire time-space domain by
successive corrections and, consequently, is likely appropriate for time-space separated representation. In
this context, PGD enabled to circumvent efficiently storage issue of iterates defined on the whole time-space
domain while saving drastically the computational time. One of the significant improvements of the strategy
concerns the introduction of a Preliminary step, which consists in first updating the time functions at each
LATIN iteration by using the ROB generated at the previous iteration in order to compute a new iterate
[23, 24, 25, 26, 27, 28]. Called Update step in [29, 30] with Newton-like solution strategies, this step has
proved efficiency to reduce the number of PGD functions generated while keeping the most relevant ones
to produce the best approximate separated representation of the solution. However, this step can be time
consuming in practice and may represent between fifty and seventy percent of the total CPU time [31].

More generally, model reduction techniques are particularly efficient when the ROM needs to be con-
structed only once or when this step can be performed offline, prior to the online resolution of this model
which can then be very fast. This is the case of parametrized time-invariant systems [32], linear stationary
and quasi-stationary systems whose operators are affine functions of the input parameters [16]. On the
contrary, when the projection is applied to linear dynamics or stationary systems with non-affine param-
eter dependence, or general nonlinear problems, the resulting ROM is costly to assemble, decreasing the
efficiency of reduced-order modeling. Indeed, for any model reduction technique based on the projection
of the problem on a given reduced-order basis, the computational complexity of evaluating the nonlinear
terms (Jacobian or residue of the solution strategy) and assembling the ROM’s low dimensional operator
scales with the size of the original high-dimensional model. This point can be critical especially when the
reduced-order basis changes throughout the solution strategy as it is the case for model reduction tech-
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niques based on Proper Generalized Decomposition (PGD). This makes the bottleneck of model reduction
strategies applied to nonlinear problems.

Several techniques have been introduced in the literature in order to tackle this issue, especially for
model reduction techniques based on a learning stage (POD-Galerkin or reduced basis method for instance).
Among them, the Empirical Interpolation Method (EIM) is probably one of the most popular. It has
been developed in particular for linear elliptic problems with non-affine parameter dependence [33] as well
as for nonlinear elliptic and parabolic problems [15]. Several variants can be found in the literature. To
name a few, one can cite the Best Interpolation Point Method (BPIM) [34] or the Discrete EIM (DEIM)
[35]. Another family of techniques that tackles nonlinear reduced-order modeling is the one that belongs to
the Gappy-POD application, as the A priori Hyper-Reduction (APHR) [36], the Missing Point Estimation
(MPE) [37], the Gauss Newton with approximated tensors (GNAT) [38]. More recently, [39] has introduced
the Energy-Conserving Sampling and Weighting (ECSW), allowing not only to focus on the accuracy of the
approximated function, but also to preserve the energetic aspect of the solution.

Concerning PGD-based model reduction, techniques to overcome the aforementioned bottleneck seems to
be by far less numerous. As previously said, the possibility to enrich the reduced-order basis throughout the
computation is definitely an advantage to tackle nonlinear problems efficiently. However the fact that ROB
changes quite often makes the previous techniques such as EIM less suitable in the context of PGD, a priori.
Indeed, for a fixed number of best/magic interpolation points the error in the coefficient functions used to
interpolate the nonlinear terms ultimately dominates when the size of the ROB increases [15]. Adding more
magic points may be necessary as long as the ROB evolves. Such an adaptative strategy can obviously be
derived but it may be not very efficient in this context, at least in the LATIN framework.

In the present article, a more pragmatic approach is proposed. Based on the concept of spatial, time
and parameter reference points associated to influence patches, the Reference Point Method (RPM) defines
a compressed version of the data from which an approximate low-rank separated representation by patch of
operators can be constructed by explicit formulas at low-cost. In this work, RPM is applied to PGD-based
nonlinear model reduction with the LATIN solution strategy. More precisely, it is used at each LATIN
iteration to solve the Preliminary step, which consists in an update of the reduced model from the current
ROB. As previously said, this step is time consuming and may represent up to seventy percents of the total
CPU time. In practice, the RPM enables to decrease the cost of this stage of one order of magnitude to make
it represent less than ten percents of the total computational time, which is very promising. It is important
to note that contrary to an interpolation technique, it is rather an approximation technique of the integrals
involved in the ROM construction similarly to quadrature techniques in classical finite element methods.
The key point is that, even though the integral computations are not enough accurate, the PGD-model
reduction technique can anyway improve it by adding new correction functions to the ROB at the next
LATIN iterations, which ensures the convergence of the whole process.

The article is structured as follows. A reference problem previously investigated by other authors by
reduced-basis techniques with EIM [15] or POD with DEIM [35] is first presented in Section 2. The studied
nonlinear parametrized elliptic PDE is solved by the LATIN-PGD method and the aforementioned bottle-
neck of nonlinear model reduction is illustrated. The Reference Point Method is presented in Section 3 and
its basic features (reference points, patches, generalized components) are introduced. It is shown that the
space of generalized components provides a framework that presents interesting properties dealing with the
elementary algebraic operations [40], which simplifies the evaluation of integrands. The way to reconstruct
by explicit formulas an approximate low-rank separated representation by patch of operators is also de-
tailed. Keeping a separated representation of the quantities and operators without resorting to SVD-based
techniques is indeed a great advantage regarding integral computation by separation of variables. A com-
parison between the RPM applied to PGD-based nonlinear model reduction and EIM with reduced-order
basis technique is proposed in Section 4 in order to appreciate and illustrate the performances of the RPM.

2. PGD-based model reduction of a nonlinear parametrized elliptic PDE

The reference problem that motivates the study is first presented in Section 2.1. It was previously
investigated through EIM with reduced-basis technique in [15] and DEIM with POD in [35]. In these works,
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a Newton-based nonlinear solution strategy was used. Here, an alternating-direction scheme, the LATIN
method, is used as detailed in Appendix A. The LATIN iterative scheme generates approximations of
the solution on the entire space-parameter domain by successive corrections and, consequently, is likely
appropriate for space-parameter separated representation. A PGD-based model reduction is introduced
within the LATIN method as detailed in Section 2.2. The issue of computational complexity of nonlinear
model reduction is discussed in Section 2.3.

2.1. Reference problem formulation
Let us consider as a reference problem, the nonlinear parametrized elliptic PDE first studied in [15, 35]
defined on a spatial domain  C R? and a parameter domain D C R? and stated as follows:

Problem 1 (Strong form). Find u(z,p) with * = (z1,72) € Q =]0,1[%> and p = (w1, p2) € D =
[0.01,10]% and homogeneous Dirichlet boundary condition on Q x D, such that:

V2 4 g(uip) = f(x) on QxD
u = 0 on 00 xD

with:

g(u; p) = % (e"*™ —1) and f(x) =100 sin(27rz,) sin(27xs)
2

This problem can be interpreted as a stationary diffusion problem with a parametrized nonlinear interior
heat source term.

A space weak formulation of Problem 1 can be proposed. In this case, the solution u is identified
with a function defined on D with values in Hilbert space V = H3(Q2) = {u € H*(Q); u = 0 on 90}, i.e.
u(p) : @ — u(p)(x) ~ u(e, n), and Problem 1 can be stated as follows:

Problem 2 (Space weak form). Given u € D, find u: D — V such that:

Yo e, a(u,v)—l—/{zg(u;u)vdx:l(z})

where a(-,+) is a bilinear form onV and I(-) is a linear form on V defined by:

a(u,v):/QVu~Vvdx and l(v):/ﬂf(w)vdx

Term g(u; ) is a nonaffine nonlinear function of the parameter u, spatial coordinate @, and field variable
u(x, w). Bilinear term a(u,v) and linear term [(v) are V-continuous bounded functionals and are parameter-
independent. It is shown in [15] that Problem 2 is well-posed and that it admits a unique solution u € V.

A space-parameter weak formulation of Problem 1 can also be proposed. The following function space
is introduced:

S=L*D,V)={u : D=V, / |ull}pdp < oo}
D

where || - ||y is a norm on V. A space-parameter weak formulation of Problem 2 can be defined by the
following problem:

Problem 3 (Space-parameter weak form). Find u € S such that:
YoesS, A(u,v)+ G(u,v) = L(v)
where A and L are bilinear and linear forms defined by:

Afu, ) = /D a(u(w),o(w) dp and L(v) = /D o)) dy

The nonlinear form G is defined by:

Glu,v) = / g(u; ) v de du
DxQ
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Problem 2 can be easily solved by introducing a finite element approximation space V, € V of u and
by using a Newton-based nonlinear solution strategy. In the following, the reference solution refers to the
solution obtained by a finite element mesh of 50 x 50 bilinear quadrilateral elements leading to a finite
element approximation space of dimension N = 2601. The approximate solution u; of u for two sets of
parameters, g = (0.01,0.01) and p = (10,10), is given in Figure 1. It can be seen that the parameter u
controls the strength of the sink term whereas ps changes the strength of the nonlinearity, the exponential
function p; e#2" increasing more the peak magnitude of the negative part of u than the magnitude of the
positive one.

P
— \ff
R - i => ;
1 — 1
0.5 ~_
M 00 "
(a) p=(0.01,0.01) (b) p = (10,10)

Figure 1: Solution of Problem 2 for different parameter values and a finite element mesh of 50 x 50 bilinear quadrilateral
elements (N = 2601)

2.2. The LATIN-PGD method

In order to solve Problem 3, the LATIN method is used as a nonlinear solution strategy (see Ap-
pendix A for further details). By an alternating-direction scheme, the strategy generates approximations
of the solution on the entire space-parameter domain by successive corrections. In this case, it shares similar
features with alternating-direction nonlinear solution strategy and augmented Lagrangian methods [41].

The LATIN iterative scheme generates approximations of the solution on the entire space-parameter
domain by successive corrections and, consequently, is likely appropriate for space-parameter separated
representation. By denoting P = L?(D;R?) := L?(D) and by identifying the space S = L?(D, V) with the
tensor product space V ® P, the correction du("*t1) of the global stage (see Problem 6 in Appendix A)
is sought in V ® P. The following approximation of order k of the iterate ("t is proposed:

k
W™D (@, ) m 0 (@, ) = 0O, p) + 3 Bil) Ailp) S

=1

where u(®) € Ay is an initial approximation of the solution that verifies the boundary conditions and
which can be possibly given under separated representation provided that it is admissible. Each PGD
pair (A;,®;) € P x V is unknown and determined throughout the computation by a greedy algorithm.
The construction of a new space function ®; is by far the most expensive step of this process. Thus, at
a given iteration n 4+ 1 of the nonlinear solver, it is advantageous to first reuse the reduced-order basis
Wi = {®;}1<ick generated up to iteration n by updating the parameter functions {\; }1<icr [27]. One
proceeds with the global stage at the iteration n + 1 of the nonlinear solver as follows:

1. Preliminary step: reuse of the current reduced-order basis [23, 24, 25, 26, 27, 30]. This step consists in
building an approximation of the solution, denoted by 51 = (a1 »(+1) thanks to the ROB
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generated at the previous iteration n of the nonlinear iterative scheme. This is similar to what is done
during the online stage of classical reduced-order basis techniques. The main difference comes from the
fact that here the ROB evolves throughout the iterations which makes pre-computations of operators
inefficient. Due to the bilinearity and linearity of forms involved in (A.7) associated to global stage
(see Problem 5 in Appendix A), one seeks an approximation of order k of the correction du(™+!

such that:
gt = () 4 sy (ntD)

(2)
Sut (@, p) ~ suy (@) &Y Bi(x) ONi(p)

i=1

Assuming that an approximation of order k of u("™) is available from the previous iteration n of the
nonlinear iterative scheme, an approximation of #("*1) can be deduced as follows :

k
D w4 ™Y = uO @) + 37 Bi@) (i) +0Ni(w) (3)
i=1

Here, the only unknowns are the functions {0A;}1<i<r depending on the parameters. Given a ROB
of space functions Wy, = {®;}1<i<k, one seeks the best linear combination of this ROB which solves
Problem 6 defined in Appendix A. By choosing for test function v = ®;(x) A*(p) with 1 < j <k,
the Preliminary step problem reads:

Problem 4 (Preliminary/update step). Find parameter corrections {d\; }1<i<k such that:

1<j<k VX eP,
k
> / At (a(@i,¢j>+ / o H (u™; ) @; dx)éAi dp = — / X Ru™, @55 p) du (4)
i1 YD Q D

It is worth noting at the fact that terms a(®;, ®;) are parameter-independent and can be computed
once for all parameter values provided that the ROB does not change. However, nonlinear terms
®; H™(u'™; p) ®; and residue R(u(™,®; \*; u) depend on g(u(™;pu) and have to be evaluated for
each new parameter value and iterate u(™) anyway. As shown in Section 2.3, this results in a
computational cost that scales with the size of the original high-dimensional model.

. Preliminary step performance indicator: The preliminary step produces a first approximation @+ ~

u(™ 5u,(€"+1) of Problem 6 (see Appendix A) at the iteration n + 1 by seeking the solution in
the span of the already existing ROB, generated at the previous iteration n (see (2)). In order to
appreciate the improvement of the solution between two consecutive LATIN iterations thanks to the
preliminary step, the following performance indicator [42], based on LATIN error indicator dy (see
(A.9)), is proposed:

e1 — e lut™ — an=1/2)] (D) — gn+1/2)))

= — > 1 — —
1o o >0 with e L [ 4 a1/ and ey L lan+D) 4 a(n+1/2)|

Due to the particular choice made for search direction H* (see (A.2)), one has:

el Jut® —u=D) 6w | _
Il + a0~ T julm -0~
(6)
||qj(n+1) — I ”5u(n+1) I
€2 = — k
2T 1

L+ +u] ~ T JatD £ @]
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. Generation of a new PGD pair: The prediction 4" ~ (™ 45

If the value of g is higher than a given threshold, the correction 5u§¢n+1) is significant and the global

stage at the iteration n 4+ 1 is considered to be solved. One can proceed to a new LATIN iteration,
that is to say to a new local stage. Otherwise, one proceeds to the generation of a new PGD pair as
described hereafter.

énﬂ) previously computed during the

preliminary step is considered to be known but it is not good enough and the performance indicator (5)
is lower than a given threshold. Then a new PGD pair is sought to enrich the previous approximation
by solving Problem 6 (see Appendix A) by a progressive Galerkin PGD procedure. The new PGD

pair is generated to approximate the correction SutD) = o (n+1) _ (") of the LATIN iteration n + 1

(see (2)). Let assume that a decomposition 5u,(€n+1) (denoted by duy in the following to alleviate the

notations) of order k is known. Thus, a new approximation of w1 can be defined as:
Y Y = u o - ex = w4 sl (7)

The progressive definition of a new couple (®,A) € V&P is defined as the one that verifies the following
Galerkin orthogonality condition :

VA* € V, VA" € P,

/ a(duy + BN, PN 4+ &*N) dp + / H™ (1™ p) (up, + DA (BN + &N dzdp = ...
D DxQ

—/ R(u'™, &N + &*\; ) dp (8)
D
That is to say:
Vo* € V,VA* € P,

/ a(®X, DA* + D*N) dp + H™ (u™; p) X (PN 4+ &* N dazdp = ...
D Dx

—/ R(u™, Gug, ®A* + ®*X; ) dp (9)
D
where :

Ru™ dug,vip) = R™,v;p) + al0up,v) + | H™ (u™; p) duy vda
Q

Ru™ v;p) = a(u™,v) — /f(w)vdl" + /g(u(");u) v dx
Q Q

The two following mappings are introduced:

Definition 1 (Space function mapping). Sii1: P — V is the application that maps a parameter
function X € P into a space function ® = Sg1(X) € V is defined as follows:

VO* €V,
a(®, D) (/ 22 du) —|—/ A0 H™ (u™; p) ®*Ndzdp = —/ R(u™, dup, ®* X; p) dp (10)
D DxQ D

Definition 2 (Parameter function mapping). Pyi1: )V — P is the application that maps a space
function ® €V into a parameter function A = Pi11(®) € P is defined as follows:

YA* € P,
a(®, D) (/ AN* du) +/ AP H™ (ul™; p) dA* dwdu:f/ R(u™, up, ®A*; p) dp (11)
D DxQ D
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Definition 3 (Progressive Galerkin PGD). A couple (®,\) € V ® P verifies (8) if and only if
O = Spr1(N) and A = Pyy1(®), i.e. @ = Sky1(N) and X (resp. A = Pyy1(®) and @) is a fized point of
mapping Gri1 = Pry1 0 Sky1 with A = Grya(N) (resp. G = Sky1 0 Peyr with ® = G, (®)).

Algorithm 1 Progressive PGD to generate the (k + 1)** new PGD pair (Power iterations algorithm)

1A« 2O > Initialize parameter function, e.g. A9 = apy + by with (a,b) € R?
2: for [ =1 to l,,,4, do

3: Compute & = Sj11(N) > Solve problem of Definition 1
4: Normalize ®

5: Compute A = P11 (P) > Solve problem of Definition 2
6:  Check stagnation of \ > Use for instance the L?(D) norm
7: end for

8: (I)k+1 < ® and >\k+1 — A

A power iterations algorithm that iteratively generates parameter function A and space function ® is
used as shown in Algorithm 1. The interested reader could refer to [29, 22, 43] for further details.
Once this new pair of parameter and space functions is computed, the (k + 1)** space function is
orthogonalized and added to the reduced-basis to form W y1. In practice, only one new PGD pair is
added per LATIN iteration to approximate correction du(™*1) but nothing prevents one to generate
more than one.

The final algorithm of the LATIN-PGD nonlinear solution strategy is finally given in Algorithm 2 of
Appendix B.

Remark 1. In the case of high-dimensional parametric models, different update strategies can be proposed
[30]. More precisely, for a large number r of parameters (fu, ..., b,.), a separated variables representation of
the solution under the form u(x, py, ..., 1,) = Zle ®; () A (py)... AT (1,.) can be proposed similarly to (1)
(see for instance [20]). Among others, a possible strategy consists in successive updates of the k functions
{AYi<ick along each selected dimension | according to a particular sequence [30]. In this case, the update
of the k functions {\.}1<ick for a given dimension | with X! € P, can be stated as Problem 4 whose
dimension is k x dim(P;). Obviously, the updating step along a particular dimension 1 is affordable provided
that dim(Py) is reasonably small.

2.8. Bottleneck of nonlinear model reduction — A brief complexity analysis

In order to illustrate the bottleneck of nonlinear model reduction and to explain why the construction of
the reduced-order model involved during the preliminary step is CPU intensive, let come back to Problem 4
solved at the preliminary step. By introducing a finite element approximation space Vj, € V, with:

N
Vi = {v(a}) = Zvigoq;(:c); i EV,v' € R} (12)

i=1

a space function ®;(x) can be approximated as follows : ®;(x) ~ Z;V:1 <I>{ pj(x) = <I>{ ; in indicial notation
where repeated indices are summed over their range. Thus (4) can be discretized as follows:

1<j<k Y\ €P,

k
S [N ) (81 Ay @7 07 Gl g0) @5) 5 00) A= = [ N () Rilon) @ di (13
=1
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or:

1<j<k Y\ €eP,

S (8! Au @) ([ xtw onto an) 0 ([ 3000 oot ou00) an) 25 =

i=1

First term Second term

e @ /D A () Ri(p) dp (14)
where A and G are N x N matrices whose entries are defined by :
Ajj =al(pi,pj) and Gy =/Q o; H™ (u(");u> p; dx
Elements of the N-length vector R are given by: R; = —R(u™, o;; ).

If a finite element approximation space P, € P is now introduced, with:
p . .
Pr = {A(u) =Y Né&(w); GeP N e R} (15)
i=1

a parameter function \;(p) can be approximated as follows : \;(u) =~ ?:1 NeEi(p) = M. By denoted

by [®;] € RY (resp. [\;] € RP) the nodal vector associated with the discretization of space function ®;
(resp. parameter function \;) and by Wy, = [[®1][®3]. .. [Px]] the N x k matrice of the discretized k—order
reduced basis, the sum over i of first terms in (14) gives:

[6A1]

- [62]

kx N VXN Nxk PXP [57e]
——

pkx1

where ® denotes the tensor product of matrices (Kronecker product) and M is a p X p matrice whose entries
are defined by M;; = [, & & dpu.

Projection of discretized operator A onto the discretized reduced-order basis W, involves two matrice-
matrice products resulting into a computational complexity that scales with O(Nk) (resp. O(N? k)) if
A is sparse (resp. full) to compute AW, and O(Nk?) for left multiplication by W . Complexity for
evaluating tensor product is O(pk?) if M is sparse. Thus, computational complexity for computing the
kp x kp matrice (W;;FAWk> ® M is O(Nk+ NE? +pk?) (resp. O(N2k+ Nk?+p?k?)) if A is sparse (resp.
full). Since discretized operator A is parameter-independent, separation of variables is possible to compute
the integrals over the space-parameter domain (Kronecker product). Consequently, provided that the ROB
does not evolve, the k x k matrice W{AW;€ can be pre-computed and factorized, if needed, offline. This is
the reason why model reduction techniques are particularly efficient and appealing for parametrized time-
invariant systems [4] or linear stationary and quasi-stationary systems whose operators are affine functions
of the input parameters [16].

On the contrary, the parameter-dependency of the discretized operator G in the second term of (14)
prevents the separation of integrals. Separation of the operator as a tensor product is not straightforward.
Moreover, it has to be evaluated for each new iterate u(™) (x, ) at a computational complexity of O(pNk?)
(resp. O(pN2k)) if the discretized operator is sparse (resp. full) [15, 35]. One can also show that complexity
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for evaluating nonlinear residue (right-hand side member of (14)) is O(pNk). In short, the expected de-
crease in computational cost by using reduced-basis approximation is consequently quite modest whatever
the dimension reduction k < N is.

This bottleneck is clearly not specific to PGD-based model reduction but more generally to reduced-
basis approximation in nonlinear model reduction. This problem arises due to the fact that: (i) Galerkin
projection onto the ROB has to be performed as soon as the reduced-order basis evolves, (ii) non-linear
terms (Jacobian and residue) have to be evaluated at each iteration of the solution strategy for each new
iterate which prevents pre-computations of operators. Many works have already been done to tackle this
issue as discussed in the introduction.

3. The Reference Point Method

The goal of the Reference Point Method described in this section, is to decrease the computational cost of
integrals arising from Galerkin projection. For that two main features are introduced: (i) an approximation
framework with the introduction of reference points to simplify the evaluation of integrands, (ii) a low-
cost technique to reconstruct by explicit formulas an approximate low-rank separated representation by
patch of operators without resorting to SVD-based techniques, which is a great advantage regarding integral
computation by separation of variables. The motivations of the proposed technique are first presented in
Section 3.1. The basics of the Reference Point Method are given in Section 3.2 before being applied to
Problem 1 in Section 3.3.1. A brief computational complexity analysis is proposed in Section 3.3.2 to
estimate the expected gain in computational cost.

3.1. Motiations

Among the techniques introduced to tackle the aforementioned bottleneck, the Empirical Interpolation
Method (EIM) [33] is probably one of the most popular. It proposes an inexpensive interpolation procedure
of nonlinear terms based on the offline construction of a suitable additional reduced-basis approximation
space. More precisely, EIM enables to provide an approximation of nonlinear function g as follows:

M
g™ @, p) ~ gar (W™, p) = > oM (1) g () (17)
m=1

where M (with M < N, p) interpolation “Magic” points {z} }1<,,<as of the space domain and M “Magic”
points of the parameter domain {u?};<,,<ar are computed by a greedy selection process in order to build
the M interpolation functions {g,,(x)}1<m<ar during an offline stage. For each iterate u(™), coefficient
functions {0 ()} 1<m<ar have to be updated online for the reduced-order model of u(™ evaluated at
interpolation “Magic” points {zM}1<m<n. Note that, according to [15], approximation function gas is
interpolant at the “Magic” spatial points, i.e. g(u™;xM u) = gar(u™;xM p) for 1 <m < M.

Let consider Problem 4 involved at the preliminary step, which is nothing more than an update of the
reduced model from the current ROB. Thanks to EIM, tangent operator can be approximated as follows:

— ' n 0g(u; — ' (n Mo
i) = 0 S s = 3 el ) ane) (18)
u=u(" m=1

where @M is the partial derivative of ¢ with respect to argument p. Approximation of residue R with
EIM is done accordingly but not detailed hereafter. Interested reader can refer to [15] for further details.
Thus, (4) can be approximated with EIM as follows:

1<j<k VA eP,
k M
Z/ A <a(<1>i,¢>j) + Z oM () (/ D; g (x) @, da:) > N dp = —/ A R(u™, ;5 p) dp
i=17P m=1 2 D
(19)
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Provided that the M functions {¢m (z) }1<m<a and reduced-order basis Wy, = {®; }i—1<i<k are known, terms
a(®;, ®;) and [, P; ¢ (x) ®; dz are parameter-independent and thus can be pre-computed. In this case, it
is shown in [15] that the computational complexity at each iteration for the Galerkin projection (resp. the
determination of coefficient functions {p (u)}1<m<nr) is O(k>M) (vesp. O(M?)). Since M,k < N, the
online complexity is consequently independent of N, the dimension of the underlying initial finite element
approximation space.

EIM could be used to solve the preliminary step, however the fact that the ROB changes quite often
throughout the iterations of the LATIN nonlinear solver makes of this technique less suitable. Indeed, for
a fixed number M of best/magic interpolation points the error in the coefficient functions {¢M () }1<m<nr
used to interpolate the nonlinear terms ultimately dominates when the size k of the ROB increases [15].
Adding more magic points may be necessary as long as the ROB evolves. Such an adaptative strategy could
be derived but it may be not very efficient in this context, at least in the LATIN framework. Moreover, the
determination of “Magic” parameter points {u t<m<a may be costly particularly for applications where
nonlinear function g is time-dependent as for parabolic parametrized problem [15] or implicitly dependent
to the field variable u for nonlinear problem as it is the case here.

The RPM proposes a more pragmatic approach. It is not based on the approximation of the nonlinear
function g (i.e. tangent operator H™). On the contrary, it is rather an approximation technique of the
integrals involved in the Galerkin projection similarly to quadrature techniques in classical finite element
methods. More precisely, it aims to compute, at low-cost, each contribution to the ROM, i.e. each term/entry
Qi

v =/ X (p) ®i(x) H (u™; @, ) @ () SAi(p) do dp, 1< 4,5 <k (20)
DxQ

where repeated indices are not summed over their range. It is worth noting at the fact that RPM is
used at each iteration of the LATIN method only to solve the preliminary step. Even though the integral
computations are not enough accurate, the PGD-model reduction technique can improve it by adding new
correction functions to the ROB throughout the LATIN iterations, which ensures the convergence of the
whole process.

3.2. Basics of the RPM

The RPM aims at constructing an approximate low-rank separated representation by patch of integrand
n (20). In this section, two main features are introduced: (i) an approximation framework with the intro-
duction of reference points (see Section 3.2.1) to simplify the evaluation of integrands (see Section 3.2.2),
(ii) a low-cost technique to reconstruct by explicit formulas an approximate low-rank separated representa-
tion by patch of integrands (see Section 3.2.3).

Integrand of (20) involves the product of several operands: the nonlinear function H~ (u(™);x, ) pre
and post multiplied by the terms A\*(p)®;(x) and ®;(x)d\;(p). For the sake of clarity, instead of integrand
of (20), let consider the product of two scalar functions depending on two variables. This simple example
will be much more convenient to figure the approximation procedure:

F(u,x) = f(:u’l') f/(lhx) (21)

where f(u,z) and f’(u,x) are two scalar functions of two variables, u € D = [0,1] and € Q = [0,1]. An
example of functions f and f’ and their product F is given in Figure 2.

Let assume that f and f’ are known under separated representation (even though separation property
is not always satisfied for any quantity, like H™):

k

y
Fl ) =" Xi(pw)Ai(x) and F'(uw) = D _0:(1)Oi(w). (22)

i=1

11
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(a) Scalar function f(u,x) (b) Scalar function f’(u, ) (¢) Product F(u,x) = f(u, z)f (u, z)

Figure 2: Example of two scalar functions depending on two variables and their product

Note that each evaluation of product F for a given value of x and p involves 2(k+ k') — 1 multiplications and
additions. If a separated representation of product F' is needed — to benefit from integral computation by
separation of variables for instance — it would result into a M-term separated representation with M = kxk'.
This M-term representation is likely non-optimal and M may increase swiftly if terms are added to f and

a5 f' representations (k and k' increase). Performing a singular value decomposition of F may be necessary to
achieve a separated representation of F' with a reasonable number of terms. RPM follows a different path
to avoid the artificial increasing of the number PGD modes. As described in the following, RPM enables
one to build an approximate low-rank separated representation by patch of any quantity without resorting
to SVD-based techniques.

w0 3.2.1. Compressed format and generalized components
The RPM approximation framework is based on the concept of reference points and enables one to define
a reduced representation of the data [40]. The parameter domain is split into m, sub-intervals D; of size
Ap;. The center p; of sub-interval D; is called parameter reference point. For the space domain, m, points
x; are introduced and the domain Q is divided into m, sub-domains €; of size Aw;. The points x; are
s called spatial reference points. These reference points are arbitrary and can be chosen independently of
discretization spaces for unknown quantities.

Q

Figure 3: Parameter and spatial reference points for parameter domain D = [0, 1] and spatial domain = [0, 1]

An influence zone is defined around each reference point of the space-parameter domain defined by the
coordinates of the spatial reference points x; and parameter reference points ;. Part of the domain, D; x €,
is called reference patch (7,7). Thus, the entire domain D x § is divided into m, x m, patches.

290
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A function f defined on the domain D x € is represented by its generalized components, f = (@ij, I_Jij)},
defined as follows. For 1 <7 < my, and 1 < j < my:

Fe aij(p) = flux;) ifpeD; | by(x) flui,z) ifxe (23)
. &ij (,LL) = 0 otherwise ‘ bij (l‘) = 0 otherwise

The generalized components {dij (u)}izl’wm“ related to spatial reference point x; gives the description of
function f at spatial point z; over the entire parameter domain D. Similarly, the generalized components
{Bij(x)}i:17,,,,mm related to parameter value u; gives the description of function f at parameter value u; over
the entire spatial domain 2. Note that by construction, for 1 <7 < my, and 1 < j < my:

ij(pi) = bij(xy) (24)

If function f is expressed under separated representation, each pair of functions is described by their gen-
eralized components. Hence, for f(u,z) = Zle Xi(p)Ai(x), it yields: for 1 < ¢ < my and 1 < j < my:

f::{ aij(p) = S N Ai(ay) i pe Di | bij(x) = Zz V() i) if @ € Q; } (25)
a;j(n) =0 otherwise | b;;(z) = otherwise
In a sense, generalized components provide a kind of compressed format of the quantities. Figure 4 depicts
surfaces defined by functions f and f’ and their generalized components when m,, = 10 and m, = 10. In
this case, for a two-dimensional function, a generalized component associated with a spatial or parameter
reference point is a quantity defined on a line. For higher dimensions, it corresponds more generally to
hyperplanes, hypersurfaces or submanifolds of the domain accordingly. Some patches for functions f and
f are depicted in Figure 6. In two dimensions, these patches can be easily represented. In 3D, patches
become volumes. For a scalar function of three variables (f(u, ) with @ = (X,Y)), a patch (4, j) becomes
a parallelepiped, generalized space components l_)ij(a:) are snapshots of the two-dimensional spatial solution
for a given value of parameter y; and generalized parameter components a;; (i) are lines (Figure 5).

The algorithm that partitions the domain into patches for an arbitrary number of reference points for
each coordinate, can easily takes into account the geometry (holes, corners...) of the spatial domain by
moving some spatial reference points where functions are not defined and by slightly adapting the patches
according to the space domain geometry (Figure 7).

Remark 2. For a multivariable function f(u',...,u", ), m; reference points along a given dimension | can
be introduced. The domain Dy X ... X Dy x § is divided into my 1 X ... X myr X m, patches. The definition
of a reference patch (i1, ...,iw-,j) with 1 <d,p < my and 1 < j < my defined on the part of the domain
Diul X ... x Dy . xQj and the definition of the genemlzzed components similarly to (23) are straightforward.

3.2.2. Algebra in the compressed framework
It is straightforward to show that the RPM framework shows interesting properties regarding elementary
operations on quantities represented under their compressed formats (see Table 1). For instance, Figure 8

Addition f+7 = f+f
Multiplication ffr = ff
Derivative of/ou = Of/ou
Operator Hf = Hf

Table 1: Elementary operations in the compressed framework

illustrates the evaluation of the product F of two functions f and f’ (see (21)) under their compressed
formats. In order to evaluate the product all over the domain, a reconstruction of the product from the
generalized components F' of F' has to be proposed as described in the following section.

13
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(a) Function f(u,x) (b) Generalized components f of function f(u,x)

(¢) Function f/(p,x) (d) Generalized components f’ of function f(u,z)

Figure 4: Generalized components of functions f and f’ for m;, = 10 and mgz = 10

Q e
Q L
e '
e« !
! S-u
! 1
! 1
| L
1 .7 &
1 - !
1 - ‘ |
LS ]
influence zone inﬂuenie zor}e int TTeeel = : . “reference patch
ref. pOin[ ] D i parameter ref. point 2 I S-al o (7/’ ])
(a) Generalized parameter component (b) Generalized spatial component (c) Patch (3,7)
a;j(p) related to a spatial point x; bij(x) related to parameter value p;

Figure 5: Generalized components and patch (¢, j) for a scalar function of three variables (f(u,x) with = (X,Y))

3.2.83. Reconstruction of a low-rank separated representation by patch
In this section, the reconstruction procedure of a rank-one separated representation by patch of F' is
shown. Denoted by F, this reconstruction is obtained from the compressed format F' by generating one

14



(a) Some patches for function f(u,x)

(b) Some patches for function f’(u,z)

Figure 6: Some of the space-parameter patches D; x Q; of functions f and f’ for m, = 10 and m, = 10

%

Figure 7: Correction of a spatial reference point located in a hole for a two-dimensional spatial domain and adaptation of the
patches

Figure 8: Compressed format F = f f’ of product F = f f’

product of functions per space-parameter patch D; x Q;: for 1 <7 <m, and 1 < j < m,

V() € Dy x Qj, Flp,x) = F(p,x) = ai; (1) bij(x)

15
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where products of functions a;;(1)b;;(z) defined on each patch D; x €; are determined from the generalized
components {(A;;(n), Bij(x))} of F' thanks to the minimization of the following functional:

1<i<my,
J({(asj, bij) higism,) = Z [Awk||(Aik (1) = aix(w)bir(x)) AillD, + Apill Bir(x) — air(pa)bir(2)[1E,]  (27)
k=1

where || ||p, and ||-[|q, are the classical L?(D;) and L?(£2;) norms. Term A, is an influence coefficient which
gives more importance to the neighboring patches of patch D; x 0 along space coordinate. This functional
measures the distance between the patch reconstruction and the generalized components. Minimization of
functional (27) (see Appendix C) leads to the following explicit formulas: for 1 <7 < my, and 1 < j < my:

ey Awy Aige (1) A (1) N )
= = “ and bii(x) = Byilx 93
pey Awe Ak (pi)? A2 i(@) i (@) (28)

It can be noticed that space dimension and parameter dimension are not equally treated. Indeed, space
domain is favored by holding all the information arising from the spatial generalized component B;;(z). As
illustrated on Figure 9, one can also see that: for 1 <7 < m, and 1 < j < my:

(%} (1) =

VeeQ, F(z,u) = Bi;(x)

This choice is suitable for structural mechanics where the spatial gradients of quantities are usually stronger
than their variations in parameter (or time) variable. Influence coefficients A;x, have an influence on parameter
function a;;(p) by weighting the values A;x(11;) (= Bir(xr) due to (24)) at the center of patches along space
coordinate.

If one chooses A\, = 1 for 1 < k < m, (uniform value), one obtains: for 1 < ¢ < my, and 1 < j < my:

- Dy Awp Aig () Aik (i) 375 Awy Aik() Bin (k)
Y Sopey Awg A (pi)? o Awg Big(wy)?

and bij(m) = Bij(:n) (29)

In this case, parameter functions a;;(u) are the same for any subdomain €, for a given 7. Reconstruction
F is continuous not only for u = p; but also for any pu € D; with 1 < i < m, (see Figure 9(c)). This
may lead to high discontinuities between sub-intervals D; if variations of product according to parameter
variable are significant.

Another limit choice is to consider influence functions such that \;; = 1 only for & = j. This leads to
minimizations by patch independent of each other and:

Aij(p) — Aij(p) 5

A5 (M) = Aij (,uz) = Bij (xj) and bz] (m) = Bz] (l‘) (30)
Parameter function a;;(x) is normalized by the value A;;(11;) = Bij(z;) (due to (24)) at the center of patch
D; x Q; and is consequently independent from one patch to another. Note that in this case, denominator
of a;; can be null and can lead to numerical difficulties. This may also happen for (28) and (29) but is
by far less probable. In this situation, adding an appropriate constant value to generalized components
before reconstruction and subtracting the same value subsequently to the reconstruction can easily palliate
this issue. Reconstruction F' is discontinuous between sub-cells Q; for all u € D; except for p = p; with
1 <i<my (see Figure 9(b)).

An optimization of weight functions \;; with compact support along spatial coordinate between the two
extreme situations leading to (29) (uniform weight) and (30) (independent minimizations by patch) has to
be done according to the variations of the function F' which is approximated by the RPM (see Figure 9(d)).
For all the numerical examples presented hereafter, one chose for (28):

1 ifk=j
A =¢ 01 fork=j—1andk=j+1 (31)
0 otherwise
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RPM approximation

(a) Function F; (b) Independent minimizations by patch, A\jx = &
(e = 2.08%)

RPM approximation RPM approximation

(c¢) Uniform value, \;p = 1 (e = 3.18%) (d) Optimized value given by (31) (e = 2.00%)

Figure 9: The function F(z,p) = e~ 1(@=0-5) (=Dl 4 sin(zp) and its approximation Py for my, = 3 parameters and m; = 3
spatial reference points and different choices of influence functions A;x

This optimized value of A;; has been obtained by numerical experiments and is suitable for most of the
functions that have been tested in the present works. Figure 10 shows different approximations F] of
function Fy(x, pu) = e~ 1@=0-50=DI 4 gin(zp) for increasing numbers of reference points and the optimized
value of \;; given by (31).

The reconstruction of product F (see Figure 2) thanks to its generalized components depicted in
Figure 4 is shown in Figure 11 for an arbitrary regular grid of m, = 10 parameter reference points and
m; = 10 spatial reference points. This leads to an error of e = 5% with respect to the exact function F.
Error e is defined as follows:

IF = Flloxe o

— 1IDx : 2 2 2

e="——=—"—" with ||F|p Q:/ Fedxdpy = E E / F=dxdu (32)
[ F'[|Dxe ) DxQ =1 o I Dix,

Remark 3. Reconstruction F of a separated representation by patch for a multivariable function F(ut, ..., u", x)
needs further investigations. With notations of Remark 2 and by introducing the L? (Diul) norm, || - ||lp, |,
m

for each sub-interval Diuz of size Apl associated with dimension | and variable u', a functional similar
to (27) can easily be defined. A definition that favors space domain (i.e. continuity in space variable x)

17



RPM approximation RPM approximation

(a) my = ma =2 (e = 4.26%) (b) my =mg =3 (e =2.00%)

RPM approximation RPM approximation

(c) my = mz =4 (e = 1.24%) (d) mp =me =5 (e =0.77%)
Figure 10: Approximations F='1 of Fy for increasing numbers of reference points and the optimized value of A\;; given by (31)

Initial function Ref approximation

(a) Function F (b) RPM Reconstruction F (e = 5%)

Figure 11: The function F' and its approximation F by m, = 10 parameter and m, = 10 spatial reference points

w  and weak continuity from one patch to another according to other variables thanks to the introduction of
influence/weight coefficients )\iulk can similarly be considered. In this multivariable case, the choice of these
coefficients is not obvious. An easy and straightforward choice is to consider the independent minimization
by patch by considering that )\iulk = Jiulk, leading to a simple explicit reconstruction similar to (30).
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3.83. Integral computation by RPM

Once the low-rank separated representation by patch F' defined by (26) has been reconstructed to ap-
proximate function F' thanks to explicit formulas (28), the integral of F' over the space-parameter domain
can be approximated as follows:

My my

Fuo)dedu~Y Y [ agoby@)dede (3

D; X8

My mg

/DXQF(u,x)dxdu:ZZ

i=1 j=17Dix€

i=1 j=1

Similarly, RPM can now be used to approximate each contribution to the ROM, «;; defined by (20) and
involved in the Galerkin projection of the preliminary step (see Problem 4).

3.3.1. Application to the reference problem
By introducing approximation space P, € P defined by (15) into contribution «;; given by (20), one
gets:

oy = /D X () (o) B (s,0) () O ) (34)
~ /D . (ZA”&«(M)> O;(x) H™ (u"; z, p) () (ZW&(N)) dz dp (35)
~ Y| [ e e B i) @) ) o a0 (36)

Integrand wys;; (usw)

where repeated indice 4 is not summed over its range.

Let split the two-dimensional parameter domain D into m,, sub-domains D;. The center u; of each sub-
domain D; is considered as a parameter reference point. Similarly, the space domain (2 is divided into m,
sub-domains {2; whose centers x; defined m, spatial reference points. Spatial and parameter reference points
x; and p; can be chosen arbitrary on a regular grid for instance. In this case, a given reference patch (i, j)
that occupies the part D; x§2; of the four-dimensional space-parameter domain D x (2 is complicated to figure.

Generalized components of integrand w in (36) (where subscripts rsij have been omitted to simplify the
notations) are denoted by w := {(@!,,@%,)} with: for 1 <a < m, and 1 <b < my:

o= wf;b(/'l’) = wp,xy) fpeD, | (ng(a}) = w(pg,x) fze (37)
ol (p) = 0 otherwise | &% (xz) = 0 otherwise

The approximation & of integrand w is defined by the following rank-one separated representation by patch:
for1<a<my,and 1 <b<my:

V(. x) € Do X Qy,  w(p, @) ~o(p,x) = E)Zb(”’) Wap () (38)

where functions @!, (1) and &%, () are defined by explicit formulas defined in Section 3.2.3. To alleviate
the notations in the following, let assume that these functions are obtained by explicit formulas (30) (RPM
with independent minimizations by patch) instead of general formulas (28) such that:

=H D (1) Do (1)

Tlw) = G = SRy and B(e) = 0(@) (39)

In this case, definition of integrand w in (36) leads to: for 1 < a < my, and 1 < b < my: V(pu, x) € Dy x Qy,

Wap (1) Wap () (40)

H,(u(n)l.mb ™ (fr(u) H™ (u™); 2, p) @(m) (@i(m)H—(W);x,ua)@j(m)) (41)
19

Q

w(p, x)

Q




360

The integral computation of w over patch (a,b) by separation of variables can now be done as follows:

/ wdzxdy ~
DaXQb

e L S i i) ([ a0 ) 2y de) 2

= (Ma () ~ (2] Kb (1,)[®5]6
where approximation space Vj, € V defined by (12) has been introduced to approximate the second integral

on Q. The nodal vector associated with the discretization of space function ®; (®;(x) = Z].V <I>j j(x) =

®Jp;) restricted to space sub-domain €, is denoted by [®;]. Similarly, matrice K} (u,) is obtained by the
assembly of spatial finite elements contributions located in sub-domain €, and whose entries are defined as

follows:
(Eb (:u’a))ij = /

| @ (45, 1,) ps() do (43)

Let also introduce the restriction of the discretized k-order reduced-basis to sub-domain §2;:
Wi = [[@1]o[P2]s - - - [Pi]s] (44)

Figure 12 depicts the restriction of a discretized 3-order reduced-basis to a sub-domain €2 for a 3 x 3
regular grid of spatial reference points (m, = 9). Thanks to (42), contribution «;; given by (36) can be

I’;”’// Uil \\“\\\\\\

'
“’o‘cf'

\‘ \-

\\\\\\ ‘\\‘v . \\\\\
‘ Sl \‘Q“\\\\\ W SR ,,I
) N
\

i,
////,, PSS 7% il
/IIII R o \\\\\ NN '«u o \\\\

LA o‘m‘ SN

i /
wil///, li,m\‘\ ‘\\\\\\\\ //1///,, :, ““\\\‘}‘}'}}\\\ /l//m i
X WIIII,#"// /
\‘.'hv

(a) PGD space mode [®1] (b) PGD space mode [®3] (c) PGD space mode [®3]

0.1

0.05.

0.6
02 0.4
0 X

(d) Restriction [®1], of mode [®1] (e) Restriction [®2], of mode [®2] (f) Restriction [®3], of mode [®3]

Figure 12: Restriction of a discretized 3-order reduced-basis to a sub-domain €2, for a 3 x 3 regular grid of spatial reference
points (mg = 9)
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approximated as follows:

ay =~ 33N <ZZ / Wrsij d:z:du> A2 (45)
r=1s=1 a=1b=1 a X
~ N (Zi rmy el (@0 Ty ) 1)) o)
r=1s=1 a=1 b=1 1 Fa

Similarly to (16), one deduces that the contribution to preliminary step of the sum over i of second terms
in left-hand side of (4) (or (14)) gives:

[0A1]
1 - _ 6o]
A (). Wi Ko (a) Wi | @ Mo(w) . (47)
Patches (a,b) H (’LL 7wbap’a) —— N—— :
arehes i kx N, NoXNp Npxk Pa XPa [5)%]
pkXxpk ‘/—'kal

where the symbol A denotes the assembly of the m,m, tensor products of matrices by patch (a,b). It is
worth noting at the fact that matrices K (u,) (resp. M,(xp)) are computed only at the m, parameter
reference points p, (resp. m, spatial reference points x;). They have to be updated each time that the
LATIN search direction H™ is updated. If H™ is not updated and if, in addition, the discretized reduced-basis
W, remains unchanged (k is unchanged), the projection onto the reduced-basis W, and tensor products
on each patch can be pre-computed accordingly.

3.3.2. Computational complexity analysis

As noted in Section 2.3, RPM could also be used to approximate the nonlinear residue (right-hand
side member of (4)) whose complexity is O(pNk) for each new iterate. In this section, only the gain in
complexity associated with the evaluation of second terms in left-hand side of (4) (or (14)) is discussed.
Let recall that the parameter-dependency of the search direction H™ prevents the separation of integrals
which leads to a computational complexity of O(pNk?) (resp. O(pN?k)) if the discretized operator is sparse
(resp. full) for each new iterate u(™ (x, ). As shown in Section 3.3.1, RPM enables one to provide an
approximation of this term as an assembly of tensor products of matrices by patch (see (47)).

By denoting by Nj (resp. p,) the number of spatial (resp. parameter) unknowns contains within
sub-domain {2, (resp. sub-domain D,) in (47), the projection onto the restriction of the discretized k-order
reduced-basis to sub-domain €, W, ;, involves two matrice-matrice products resulting into a computational
complexity that scales with O(Nyk + Npk?) if Ky (p,,) is sparse. Complexity for evaluating tensor product
is O(pakQ) if M, () is sparse. If the number of arithmetical operations for evaluating one entry of matrice
K (p,) (resp. M, (xp)) is supposed to be 8 (resp. ), complexity for evaluating one patch contribution is:

~—~—
Projection on Wy, Evaluation of K, () Tensor product  Evaluation of M, (€3)

O( Nyk+ N, k* + N, 3 R L 2% ) (48)
—_— —~— ~~

N
Cost for the RPM reconstruction is negligible. Assuming that N, ~# — and p, = ﬂ, the total complexity
My m

o
for evaluating the contributions of all the patches to the pk x pk matrice in (47) is roughly:

N N N
o <(k SR B Ay A 757) M m#) ~ O (N my, k2 + pmg k?) (49)
“w

My My My my

if 8~ O(1) and v ~ O(1). The total gain in case of sparse operators is consequently about:

(i) ) o () )
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In practice for Problem 3, the number of spatial reference points m, is negligible compared with N and

N
one has — >

. For instance, if one chooses for Problem 3, N = 2500, p = 225 and m, = m, = 10,
My mu

the gain is about one order of magnitude: O (p) ~ 10.
My

4. Numerical example

In this section, the numerical simulation of Problem 1 is investigated. The RPM is here used to
approximate the preliminary step of the LATIN-PGD computational strategy for Problem 3. In the
following this strategy is denoted by LATIN-PGD-RPM. The computational gain according to the number
of reference points is investigated in Section 4.2 and compared to the expected gain (see (50)). Finally,
a comparison between the LATIN-PGD-RPM and the EIM combined with reduced-order basis techniques
and Newton-based solution strategy [15], called RB-EIM, is proposed in Section 4.3.

4.1. On the choice of the reference points

Problem 1 is defined on the space-parameter domain D x  with D = [0.01,10]> C R? and Q =
10, 1[2C R2. A spatial (resp. parameter) point is defined by its components = (21, x3) € Q =]0, 1[* (resp.
= (u1, p2) € D =10.01,10]?). Figure 13 depicts the situation where m, = 1 x 1 spatial and m,, = 2 x 2
parameter reference points are chosen on a regular grid.

1 10

0.8 8
0.6 6
< ° =
0.4 4
0.2 2
0 0
0 0.2 0.4 0.6 0.8 1 0 2 4 6 8 10
X Ky

4

(a) mz =1 X 1 reference space points  (b) m, = 2 x 2 reference parameter points
Figure 13: Example of selection of reference points on a regular grid for space-parameter domain of Problem 1

For all the simulations of Section 4, the finite element approximation space V}, is fixed and obtained
by a finite element mesh of 50 x 50 bilinear quadrilateral elements leading to an approximation space of
dimension N = 2601. The reference solution u,.s refers to the solution obtained by solving Problem 2
with Newton-based nonlinear solution strategy (classical direct method without model reduction) for each
parameter value (see Figure 1). A number of p = 225 values for parameter p is considered and chosen
from a regular grid as depicted in Figure 15(a). The following relative error € is introduced:

| uref T, ;) — Um (2, )| L2
e=1 J J 51
v Z Fure @11yl (51)

where u,, refers to the solution obtained with the chosen model reduction strategy: LATIN-PGD, LATIN-
PGD-RPM, RB or RB-EIM. The evolutions of ¢ with respect to the number of PGD pairs for increasing
numbers of spatial and parameter reference points are plotted in Figure 14. Note that for the LATIN-PGD
or the LATIN-PGD-RPM, the number of generated PGD pairs is comparable to the number of LATIN
iterations since only one new PGD pair is generated per LATIN iteration at most.
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Figure 14: Evolution of error € (see (51)) and CPU time w.r.t. the number of PGD pairs for increasing numbers of spatial and
parameter reference points to solve Problem 1

It can be seen on Figure 14(a) and Figure 14(b) that, by adding more reference points, the error curve
of the LATIN-PGD-RPM converges to the one obtained with the LATIN-PGD. The CPU time also increases
accordingly and tends to the LATIN-PGD computational cost (see Figure 14(c) and Figure 14(d)). Let
recall that RPM technique is used only for the preliminary step. Thus, if the RPM approximation is not
good enough, the generation of new PGD pairs as described in Algorithm 2 can palliate this and makes the
error monotonically decrease and the solution converge anyway. Obviously, this results into the generation
of more PGD pairs compared with the LATIN-PGD curve for a given level of error.

It is worth noting at the fact that an error level of 1073 can be reached with only one spatial reference
point and a few parameter reference points (see dash-dot line with cross markers in Figure 14(a)). For
this example, adding more parameter reference points seems to be better than adding more spatial reference
points in order to converge to the optimal LATIN-PGD curve (see dash-dot lines with cross markers in
Figure 14(a) and Figure 14(c)). Indeed, as it is often the case in structural mechanics, the spatial
gradients of quantities are stronger than their variations in parameter variable for this nonlinear parametrized
elliptic problem (see Figure 1). Since the parameter reference points {f, }1<a<m, lead to the computation
of m,, integrals K} (p,) (see (42) and (47)) over the space domain, adding more parameter reference points
is preferable to account for spatial gradients.
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4.2. Computational gain analysis

As seen in the previous section, the more reference points are added, the more CPU time increases (see
Figure 14(c) and Figure 14(d)). A compromise between the number of reference points — i.e. the CPU
time — and the number of generated PGD pairs — i.e. number of LATIN iterations — has to be done in
oder to reach a given level of error. For an error level of € = 1072, the CPU time gain compared with the
direct method increases from 6 for the LATIN-PGD to 18 for the LATIN-PGD-RPM (see Table 2). For a
very small number of reference points (m, =1 x 1 and m, =1 x 1) and a few more PGD pairs, the total
CPU time gain is here multiplied by a factor of 3 thanks to the RPM applied to the preliminary step of the
LATIN-PGD.

LATIN-PGD-RPM
LATIN-PGD m, =1x1 m,=2x2 m,=3x3
me=1x1 my=1x1 my=1x1
Number of PGD pairs 7 9 7 7
Gain w.r.t. direct method 6 18 14.2 11.5

Table 2: Total CPU time gain with respect to the direct method for a given level of error (¢ = 1072)

Table 3 provides the gain in CPU time on the preliminary step thanks to the RPM. For a significant
number of parameter reference points (m, = 3 x 3), the real gain is very close to the theoretical gain in
computational complexity (50), that is to say approximately p/m, where p is the number of parameter
values.

LATIN-PGD-RPM
m,=1x1 m,=2x2 m,=3x3
my,=1x1 my=1x1 my=1x1

Real gain with respect to LATIN-PGD 90 39 25
Py 225 56 25

m,

Expected gain (=

Table 3: CPU time gain on the preliminary step with respect to the LATIN-PGD for a given level of error (e = 10~2)

4.8. Comparison of RPM versus EIM: approximation versus interpolation techniques

In this section, a comparison of the performances of the RPM, described in Section 3, and the EIM is
proposed. It has to be first noticed that, the two methods are here combined with different model reduction
techniques and nonlinear strategies (see Table 4). As explained in Section 3.1, using EIM to solve the
preliminary/update step of the PGD could be done but it may be less suitable when the reduced basis
evolves. The interested reader could nevertheless refer to [44, 45] for one of the first applications of DEIM
to PGD.

In the following, the more classical combination of EIM with reduced-basis techniques and offline-online
procedure is considered and called RB-EIM. In this case, combined with Newton-based incremental solution
strategy, the reduced-basis approximation associated to the space weak form Problem 2 for each parameter
value pu € D is considered instead of the space-parameter weak form Problem 3 used in the LATIN non-
incremental solution strategy.

Moreover, RPM and EIM are based on different approaches. As seen in Section 3.1, RPM is based on an
approximation technique of the integrals involved in the Galerkin projection onto an evolving reduced-basis
whereas EIM is based on an interpolation procedure of the nonlinear terms (Jacobian and residue).

4.8.1. Summary of the RB-EIM procedure
The main steps of the online-offline procedure of the RB-EIM as described in [15] are here summarized.
During the offline stage, the following steps are performed:
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Nonlinear solution Model order Comments
strategy reduction technique
EIM Newton method  Reduced-basis (RB) Offline-online
procedure [15]
RPM LATIN PGD Evolving reduced
basis

Table 4: Context of application of the RPM and the EIM: LATIN-PGD-RPM and RB-EIM

e Construction of a nested coarse sample set S§; = {u} € D.}1<m<nr of magic parameter points thanks
to a greedy selection process on coarse grid D, C D based on a L?() norm. This requires the solution
of M nonlinear problems for each parameter value of D. whose computational cost scales with the size
of D, and N. This cost may be prohibitive in the parabolic case or when the nonlinear function g is
time-dependent or implicitly dependent to the field variable u, which is the case here.

o Greedy selection process of a reduced-order basis Wy, = {®; };i=1<i<k for the solution u over the coarse
sample set D.. Note that snapshots of the solution, u(u!), computed for the elements of nested
sample set S§; C D, are reused in (52).

e Determination of the associated approximation space (collateral reduced-basis):

Wis = span {&m = g (wtn )2, 00) 1 < e ps = 5P @ (€) }1<menr (52)

where the M functions {g,,(z)}1<m<ar and interpolation magic points {z}1 <<y are determined
progressively by the recursive solution of M small linear systems.

Once order-k reduced basis W, collateral reduced-basis W§,; and interpolation magic points {z }1 <<
have been determined once for all, one can proceed to the online stage on the fine parameter sample set
Dy C D. For each parameter value u € Dy and each iterate u(™, one has the following steps:

e Update of coefficient functions {¢™ (1)} 1<m<ar ) for the reduced-order model of u(™ evaluated at
interpolation “Magic” points {zM }1<menr;

e Update of tangent operator at cost O(Mk?) in (19) and residue (i.e. Galerkin projection on the order-k
reduced basis W,);

e Solution of the reduced-basis approximation on Wj, associated to the space weak form Problem 2 for
parameter value p € Dy at cost O(k?) (factorization of the full k x k matrice).

The online computational complexity depends only on k£, M and the number of Newton iterations. The N
independence of the online stage is recovered. As noticed previously, the costly part of the offline stage is
mainly due to the construction of the coarse sample set S§; of magic parameter points {u? € D.}1<menr-

4.8.2. Application of the LATIN-PGD-RPM and the RB-EIM to the reference problem

Asin [15], a 15x15 regular grid of parameter values is used for the fine sample set Dy C D (Figure 15(a)).
This leads to a number p = 225 of parameter values for u. For the offline stage of the RB-EIM, a 12 x 12
regular grid of parameter values is chosen for the coarse sample set D. C D (Figure 15(b)).

As explained at the end of Section 4.1, only one spatial reference point is used in the following for the
LATIN-PGD-RPM. Thus, one sets m, = 1 x 1. Only the number m, of parameter reference points varies.
For the RB-EIM, the influence on the convergence of the number M of magic points for a given size k of
the reduced basis Wy generated offline is investigated. For the LATIN-PGD-RPM, the reduced basis W is
progressively built and its size k increases throughout the LATIN iterations. As previously said, the number
k of generated PGD pairs is comparable to the number of LATIN iterations since only one new PGD pair
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Figure 15: Fine and coarse grids, Dy and D¢, for the parameter domain discretization considered for the RB-EIM [15]

is generated per LATIN iteration at most.

The error € given by (51) for various numbers of reference and magic points and Problem 1 is given
in Figure 16. The error of the classical reduced basis approach without EIM (dash-dot line with diamond

_q_mu=1x‘1, m =1x 1 o EM 1
10° o.M =232, m=1x1 | 10° ——EIM3 ||
: " X ——EIM5
x-M =3x3, m=1x1
n X
—-LATIN-PGD
10_2’ 1 1072t I
107 ] 107 ]
6y
10° : : ‘ 10° : ‘ ‘
0 5 10 15 20 0 5 10 15 20
Number k of PGD pairs Size of the RB basis

(a) Error € for the LATIN-PGD-RPM with m; = 1 x 1 (b) Error e for the RB-EIM and various numbers M of
and my, = {1 x1,2x 2,3 x3} magic points from 1 to 19

Figure 16: Error € given by (51) with respect to the size k of the reduced basis Wy, for the LATIN-PGD-RPM and the RB-EIM
and various numbers of reference/magic points for Problem 1

480

markers denoted by RB) is also given for comparison. Both the LATIN-PGD-RPM and the RB-EIM lead
to the same level of error. However, some differences can be pointed out. For a given number M of magic
points, the RB-EIM convergence curve first decreases until a plateau is reached once k slightly exceeds
the value of M (see Figure 16(b)). Increasing M is necessary to make the error decrease. Indeed, for a
s fixed number M of magic interpolation points the error in the coefficient functions {¢ (1) }1<m<ar used to
interpolate the nonlinear terms (see (17)) ultimately dominates for increasing dimension k of the reduced
basis W. Increasing both M and k is necessary to lower the error. In the case of the LATIN-PGD-RPM
(see Figure 16(a)), the reduced basis W being enriched throughout the iterations, the error decreases
monotonically as expected by generating new PGD pairs. Increasing the number m,, of parameter reference
w0 points improves the overall convergence rate. In any case, the LATIN-PGD-RPM solution converges.
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As pointed out in Section 4.3.1, despite the fact that the computational cost of the online stage depends
only on k, M and the number of Newton iterations and no more on N, the cost of the offline/learning stage
can be very high for nonlinear problems in order to generate a pertinent reduced-basis W, as well as a suitable
coarse sample set S§; of magic parameter points. A sufficiently fine coarse grid D, may be necessary. More
precisely, for the 12 x 12 coarse grid D, of Figure 15(b), the offline stage of the RB-EIM accounts for
64% of the computational cost of the classic direct simulation performed on the 15 x 15 fine grid Dy of
Figure 15(a). Error € given by (51) for the RB-EIM with various regular coarse grids D, used during the
offline stage is plotted in Figure 17. It can be seen on Figure 17(a) that a too coarse grid leads to a high
level of error whatever the number M of magic points is. For a 5 x 5 grid, it can be seen on Figure 17(b)
that error level is hardly improved for M higher than about 11.
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(¢) Coarse grid D, of 10 x 10 points (d) Coarse grid D, of 12 x 12 points

Figure 17: Error € given by (51) for the RB-EIM with various regular coarse grids D, used during the offline stage

Finally, even though comparing a reduced basis approach with learning stage and a PGD-based model
reduction may be discussable, one nevertheless provides, in Table 5, CPU time gains with respect to the
direct simulation to reach an error level of € = 1072 for the LATIN-PGD-RPM and the RB-EIM with a
comparable number of reference/magic points: m; =1x1, m, = 2x2 and M = 5. As discussed previously,
note that CPU time for the RB-EIM includes the time spent during the offline/learning stage, the online
stage cost being negligible. It can be seen that the CPU time gains for the two approaches are quite similar

27



510

515

520

525

530

535

540

in the case of Problem 1. The size k of the reduced basis Wy, generated by the LATIN-PGD-RPM is also
comparable to the size of the reduced basis built by the RB-EIM during the offline stage.

LATIN-PGD-RPM  RB-EIM

mge =1X1 M=5
my =4 x4
Size k of reduced basis Wy 7 5
Gain w.r.t. direct method 14.2 18

Table 5: CPU time gain with respect to the direct simulation to reach an error level of € = 10~2 for the LATIN-PGD-RPM
and the RB-EIM with a comparable number of reference/magic points

5. Conclusion

In order to tackle the bottleneck of nonlinear model reduction techniques, a new approximation tech-
nique, called Reference Point Method, has been proposed to reduce the computational complexity of alge-
braic operations for constructing reduced-order models in the case of time dependent and/or parametrized
nonlinear partial differential equations. It has been shown that this bottleneck is not specific to PGD-based
model reduction but more generally to reduced-basis approximation in nonlinear model reduction. This
problem arises due to the fact that at each iteration of the solution strategy: (i) Galerkin projection onto
the ROB has to be performed, especially each time the reduced-order basis evolves which is the case for
PGD, (ii) non-linear terms (Jacobian and residue) have to be evaluated for each new iterate which prevents
pre-computations of operators. As a result, the complexity of these operations scales with the size of the
original high-dimensional model.

Contrary to EIM which is based on an interpolation procedure of the nonlinear terms (Jacobian and
residue), RPM is based on an approximation technique of the integrals involved in the Galerkin projection
onto an evolving reduced-basis. For that two main features are introduced: (i) an approximation framework
with the introduction of reference points to simplify the evaluation of integrands, (ii) a low-cost technique
to reconstruct by explicit formulas an approximate low-rank separated representation by patch of operators
without resorting to SVD-based techniques, which is a great advantage regarding integral computation by
separation of variables.

An application of the RPM with the LATIN-PGD nonlinear solution strategy to a nonlinear parametrized
elliptic PDE previously studied by other authors with reduced-basis method and EIM has been proposed.
More precisely, the RPM has been used to approximate, at each iteration of the nonlinear solution strategy,
the so-called Preliminary step which is nothing more than an update of the reduced model from the reduced
basis obtained from the previous iterations.

It has been shown that the convergence of the whole strategy is ensured, whatever the number of
reference points is (even if a very moderate increase of the number of the generated PGD modes is required
to compensate a possible lack of accuracy of the RPM approximation). Increasing the number of reference
points makes the convergence curve tend to the one obtained with the classical LATIN-PGD approach.

Moreover, computational complexity as well as CPU time to construct the reduced-order model of the
preliminary step can be divided in practice by one order of magnitude. The implementation of RPM for
more complex problems is currently in progress and one can expect higher gains.
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Appendix A. Nonlinear solution strategy by an alternating-direction scheme: the LATIN
method

In order to solve Problem 3, the LATIN method is used as a nonlinear solution strategy. By a two-stage
iterative scheme and two search directions, the LATIN method generates approximations of the solution that
belong alternatively to two manifolds, A; and T as represented in Figure A.18. Manifold A, is defined
by the linear, possibly global, equations of the problem whereas manifold I' contains the local, possibly
nonlinear, equations. Similarly to augmented Lagrangian techniques, the key point of the strategy consists,
for Problem 3, in introducing manifold I' = {(u,w) € VxW; w = g(u; u), Y € D} with W = L?(). The
problem solution is found by solving alternatively the local stage and the global stage as described hereafter.

§n+172)

Sexact

u

Figure A.18: The LATIN alternating-direction scheme: manifolds A4 and T, search directions Et and E~

Appendiz A.1. Local stage at iteration n + 1

Local stage consists in building solution §"+1/2) = (4(n+1/2) 4p(n+1/2)) € T i.e. that verifies nonlinear
equation w("t1/2) = g(a(®*+1/2); ) for all p, knowing solution s = (u(™, w(”)) € A, coming from the
previous global stage thanks to search direction E*, verified by §("+1/2) — ().

ET:YpueD,VeecQ, @YD _wm)4H (a2 _yM) =0 (A1)

where H' is a symmetric definite operator which is a parameter of the method. At this stage, the problem is
nonlinear but local in space variable. A simple choice is to take a stiff ascending search direction (HT — o00),
which is equivalent to set ¢("1t1/2) = (™) In this case, solution is found explicitly without resorting to a
local nonlinear solver and solution §("*+1/2) = (¢(*+1/2) (n+1/2)) is simply defined by:

QD)
YueD, V€, B2 = (@2, ) = g(u™; ) (A.2)
Appendiz A.2. Global stage at iteration n + 1

Global stage consists in building solution s+ = (u(+1D (»+1)) € A, knowing solution §(*+1/2) =

(@ (n+1/2) ("“/2)) € T’ coming from the previous local stage thanks to search direction E~ satisfied by
(n+1) _ (n+1/2)
S S

E :VpeD VeeQ, () ot/ _H- 0+ —q0+1/2)) = g (A.3)

Similarly to ascending search direction H™ of the local stage, the descending search direction H™ is a
parameter of the method. It is shown in [22] that a well-suited choice is to choose the tangent operator for
H:
9g(u; p) _ Og(u; )

ou u=a(n+1/2) ou u=a(n+1/2) =g (n)
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Second equality is due to the choice made for search direction E~ (see (A.2)). A constant operator could

be also chosen:

_ Og(u; p) e
H = =i = H, (A.5)

u=7/0)

In this case, the algorithm bears similarities to a quasi-Newton scheme. As shown in [22], the choice of
search directions H* and H~ does not affect the solution at convergence but it can change the convergence
rate. Figure A.19 depicts the evolution of LATIN convergence indicator d;, (see (A.9) in Appendix A.3)
as a function of the number of iterations for Problem 1. It can be seen that using a tangent operator (A.4)
instead of a constant one (A.5) drastically improves the convergence rate. Using tangent operator (A.4) or,
at least, updating search direction H™ is consequently recommended.

H = tangent operator
o H= H0 = constant

°
°0
©o
°o
00,

20 40 60 80 100
LATIN lterations

Figure A.19: Convergence of LATIN error indicator 67, (A.9) for Problem 1 and two choices of search direction H™: tangent
operator (A.4) and constant operator (A.5)

The global stage problem reads as follows:

Problem 5 (Global stage). Given §"+1/2) = (a("+1/2) p(n+1/2)) " find s = (y(+1) (1)) € Ay
that satisfies search direction (A.3) and such that:

Yv e S, / a(u™Y v) d,u+/
D

w™ Y oy dedp = / f(x) v dedp (A.6)
DxQ

DxQ

By introducing search direction (A.3) in (A.6), one obtains:
Yv e S, / a(u™Y ) du —|—/ H™ vy dadp=...
D Dx
/ f(x) v dedp —/ (1[)(”"'1/2) - H_ﬁ(”'*'l/Q)) vdedp (A7)
DxQ DxQ

The only unknown in this latter equation is u(**1. This equation is global over the space-parameter domain
but linear.

Due to the specific choices done for search directions E~ (see (A.2)) and E* (see (A.4)) and by introducing
the correction du("t1) = 4+t — (™) between two consecutive global stages, Problem 5 also reads:

Problem 6 (Global stage on correction). Find 6u(™™) =4+ — 4™ € S and w™*tY € S such that:
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Yv e S, / a(6u™V v) dqu/ H (u™; p) 6uY v dadp = 7/ Ru™ v; p) dp
D

DxQ D
YueD, Ve, w®tD) = p(+1/2) L H- sy (D)
(A.8)
where :
Rw™,v;p) = a(u™,v) — / flx) vdx + / g(u™; p) v da
Q Q
- 9g(u; p)
H (n). — A\
(ul™; ) o |

At each iteration, a local stage and a global stage have to be solved until convergence. It is clear that contrary
to classical incremental solution strategies, one has to store the iterate on the whole space-parameter domain.
Indeed, at each stage, one seeks a correction Ju(**t1) € § = L?(D,V). In order to overcome this data storage
issue, a dedicated representation of unknowns has to be proposed. In the LATIN method [22], Proper
generalized decomposition of the iterates is classically used to the purpose as described in Section 2.2.

Appendiz A.3. LATIN convergence indicator

In order to check the convergence of the nonlinear iterative scheme, the following error indicator is

defined:
6(n+1) ||U(n+1) — a(nt1/2) |

= ~ with . :/ -2 dxdp
v L fum+D)  a(F172)| -1 D)

This error indicator measures, at iteration n+ 1, the distance between the iterate of I" generated at the local
stage and the subsequent iterate of A, obtained at the global stage (Figure A.18). Due to the particular
choice made for search direction H* (see (A.2)), it also simply reads:

a0 — ™ fou ) A9
STt u] a0 o] |

5271,-&-1) _

Under the hypothesis of a monotonous operator g(u;u), the iterative scheme converges to the reference
solution s, for any choice of symmetric positive operator H™ [22].

Appendix B. LATIN-PGD final algorithm
The final algorithm of the LATIN-PGD nonlinear solution strategy is given in Algorithm 2.

Remark 4. The computation of an admissible initial solution s© = (u(o),w(o)) € A, depends on the
problem to solve. It can be obtained by solving the problem for a given value of parameter or a simplified
problem by neglecting nonlinear terms. One can also solve Problem 6 for n = —1 by a progressive Galerkin
PGD with Algorithm 1. In this case, the first generated spatial function ®1 can be chosen as the first
element of the reduced-order basis Wy. For more details on the initialization of the algortihm, the interested
reader can refer for example to [31].
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Algorithm 2 LATIN-PGD nonlinear solution strategy

1 s = (=D w(D) « (0,0) > Initialization
2: Compute §(1/2) = (a(=1/2) p(=1/2)) > Solve local stage (A.2) for n = —1
3: Compute 50 = (¥ w®) € A, > Solve Problem 6 for n = —1 (see Remark 4)
4: Create reduced-order basis W; + {®;} > See Remark 4
5: for n = 0 to n,pq. do > LATIN iterations
6 procedure LOCAL STAGE

7: Compute §"+1/2) = (q(*+1/2) (n+1/2)) ¢ T > Solve local stage (A.2)
8 end procedure

9: procedure GLOBAL STAGE > Compute s = (w1 (" +1)) ¢ A,
10: Update parameter functions {\; <= A\; + 0\ }1<igk > Solve preliminary step Problem 4
11: T ON SN S Y

12: Compute performance indicator ng (5)

13: if ny < tol then

14: Generate a new PGD pair (Agy1, Pr41) with Algorithm 1

15: procedure ROB UPDATE > Use Gram-Schmidt process with inner product (-, -)
16: Update parameter functions {\; <= A\; + M1 (@i, Pry1) h<i<k

17: Orthogonalize space function ®j,1 < @1 w.r.t. current ROB W,

18: if @414 is a “new” function then

19: Update ROB Wy, <— W41 by adding new orthogonalized function
20: U(n+1) = U(O) =+ Zi‘:—ll @7 )\7
21: else
22: wm ) = 4, 0) 1 Ele ;N
23: end if
24: end procedure
25: else
26: u ) — ()
27: end if
28: ,w(n—i-l) _ w(n+1/2) + H- (u(n+1) _ ﬁ("+1/2))
29: end procedure
30: Check LATIN convergence indicator d7, (A.9)
31: end for

s5s  Appendix C. Minimization of the RPM functional

Minimization of functional J({(a;j,bi;) }1<j<m, ) With 1 <i < m,, (see (27)) leads to:

v(éailm (szk)v
i |:Awk N [ (Bain(p) bik (k) + air(p) Sbir (1)) (Air(p) — aar(w)bix(zx)) dp + ..
k=1 J

i

. Am/ﬂ (0aik (i) bik(z) + ain(pi) bix(x)) (Bir(x) — aiw(pi)bar(x)) dz| =0 (C.1)

J

By considering variations (da;x, 6b;;) such that V (i, k), dbix(x) = 0 and da;k(u;) = 0, one gets from
(C.1): for 1 <i<my and 1 <k < my:
ey Awg big(xy) Au(p) Ny

i = - , v D; C.2
ik (1) o1 Awg b?k(xk) )‘?k "e (©2)
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Similarly, by considering variations (da;x, 6b;x) such that V (¢, k), db;x(x;) = 0 and da;, (1) = 0, (C.1) leads
to: for 1 <i<my and 1 <k < my:

Bij(z)

bm(l‘) = aij('ui), Vr € Qj (03)

Equation (C.3) and (C.2) gives: for 1 <i<my, and 1 < k < my:

a5 (1) = S Awg Aik(ﬂ) Bir(pi) N2,
Y S Awy Big(z)? A2,

) aik(,ui), v ne D; (04)

Since Bjx(zr) = Air(u;) by definition of the generalized components (see (24)), this also reads:

as; (1) = Doy Awy, /Lk(fi) Age(pi) A2
. T B A A,

) aij(ui), \4 n e D; (CE))

Reconstruction F of F (see (26)) is given by: for 1 <i<my and 1 < j < my:

ey Awy Aig (1) Aig (1) A2 ) =
b — k) Bii(x), Y(ux) €D xQ; C.6
S Awg A ()% N3, (@) (b ) ! (C6)

Without changing the reconstruction, one can slightly modify the expressions (C.5) and (C.3) for functions
a;; and b;; by scaling a;; and multiplying b;; by a;x(u;), their product remaining unchanged. This leads to
the following explicit formulas: for 1 <7 < my, and 1 < j < my:

Yy Awi Ag(p) Aik (1) Ay
Doy Awp Aig(pa)® A3y

Fno) ~ Pl = (

ai; (1) and  by(2) = Byj(2) (C.7)
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