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Estimation of the validity domain of
hyper-reduction approximations in
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Umufitzagf;:dP:SLmEtejjth Background: We propose an a posteriori estimator of the error of hyper-reduced
CNRS UMRE7633, 10 rue ’ predictions for elastoviscoplastic problems. For a given fixed mesh, this error estimator
Desbrugres, 91003 Evry, France aims to forecast the validity domain in the parameter space, of hyper-reduction

Fullist of author information is approximations. This error estimator evaluates if the simulation outputs generated by

available at the end of the article R . .
the hyper-reduced model represent a convenient approximation of the outputs that

the finite element simulation would have predicted. We do not account for the
approximation error related to the finite element approximation upon which the
hyper-reduction approximation is introduced.

Methods: We restrict our attention to generalized standard materials. Upon use of
incremental variational principles, we propose an error in constitutive relation. This error
is split into three terms including a tailored norm of the hyper-reduction approximation
error. This error norm is defined by using the convexity of an incremental potential
introduced to state the constitutive equations. The second term of the a posteriori error
is related to the stress recovery technique that generates stresses fulfilling the finite
element equilibrium equations. The last term is a coupling term between the hyper-
reduction approximation error at each time step and the errors committed before this
time step. Unfortunately, this last term prevents error certification. In this paper, we
restrict our attention to outputs extracted by a Lipschitz function of the displacements.

Results: In the proposed numerical examples, we show very good preliminary results
in predicting the validity domain of hyper-reduction approximations. The average
computational time of the predictions obtained by hyper reduction, is accelerated by a
factor of 6 compared to that of finite element simulations. This speed-up incorporates
the computational time devoted to the error estimation.

Conclusions: The numerical implementation of the proposed error estimator is
straightforward. It does not require the computation of the incremental potential. In
the numerical results, the estimated validity domain of hyper-reduced approximations
is inside the reference validity domain. This paper is a first attempt for a posteriori error
estimation of hyper-reduction approximations.

Keywords: Reduced integration domain; Hyper-reduction; POD; Incremental
variational principle
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Background

Reduced-Order models aim at reducing the computational time required to obtain solu-
tions of Partial Differential Equations (PDE) which are physically-based and parameter
dependent. They reduce the computational complexity of optimization procedures or
parametric analyses [1-3].

Reduced-Order Models are very useful to model complex mechanical phenomena,
when parametric studies are mandatory to setup convenient nonlinear constitutive
equations or boundary conditions. In such situations, many open questions about physi-
cal assumptions arise and the scientist’s intuition alone cannot guarantee that convenient
simplified numerical approximations are chosen. Here, we consider hyper-reduced (HR)
simulations, involving both a reduced-basis approximation and reduced-coordinate esti-
mation by using a mesh restricted to Reduced Integration Domain (RID) [4,5]. The
introduction of the RID is crucial for elastoviscoplastic models, because in many prac-
tical cases, no speed-up is achieved if the mesh is not restricted to the RID. In such a
framework, error estimation provides a valuable algorithmic approach to check if hyper-
reduced simulations have been performed in the validity domain of the hyper-reduced
model, and if they allow a physical understanding of the simulation outputs.

HR simulations may not be performed in faster time than predictions using meta-
modeling, response surface methods, or virtual charts [6]. But, unlike these methods,
Reduced-Order Models involve equations related to physical principles (i.e. the balance
of momentum), physical constitutive equations and data, validated by experiments. Such
an approach enables certification of outputs of interest [7], or error estimation of pre-
dictions obtained by using Reduced-Order Models [7-11]. Moreover, error estimation is
mandatory in many model reduction of parametric Partial Differential Equations, when
one needs to evaluate, in the parameter space, a trust region or a validity domain related
to Reduced-Basis accuracy [12-14]. Error estimation is also mandatory to perform a priori
model reduction by using greedy algorithms [15,16] or the A Priori Hyper-reduction
method [4].

Unfortunately, in nonlinear mechanics of materials, parametric PDEs are rarely affine
in parameter, and it is quite difficult to reduce equations and data to an approximate
affine form as proposed in [15] by using the Empirical Interpolation Method [17,18]. The
novelty of this paper is the use of an incremental variational principle [19-21] to develop
an a posteriori estimator of errors for HR predictions in case of generalized standard
elastoviscoplastic models. As usual, the finite element (FE) solution fulfills incremental
equations in time, but no differential equations related to the continuous time variable.
The incremental variational principle enables to preserve formulations discrete in time
when comparing the HR solution to the FE solution. This approach enables to state a
relationship between a tailored norm of the hyper-reduction approximation error and
the a posteriori estimator of this error. Here, we term hyper-reduction approximation
error (HRAE) the difference between the FE solution of the PDE and its estimation by
the hyper-reduced model. The reference solution is the FE solution, not the exact solu-
tion of the PDE. In the sequel, the proposed tailored norm of the displacement is denoted
by |lu|l,, where u is the predicted displacement over the domain 2. The error estima-
tor is denoted by 7. We follow the theory of constitutive relation error (CRE) proposed
by P. Ladeveze [22]. This kind of a posteriori error has been developed for a large set of
constitutive equations [9,23-26]. Although constitutive relation error (CRE) can handle



all approximation errors due to time discretization, FE approximation, and eventually a
separated representation of the displacements [27], we restrict our attention to approx-
imation errors due to the additional assumptions incorporated in the numerical model
by the hyper-reduced formulation. Here, the CRE 7 requires the construction of stresses
fulfilling FE equilibrium equations.

In the numerical part of this paper, we apply the error estimation to forecast the validity
domain of hyper-reduced predictions of simulation outputs. Adjoint sensitivity analyses
have been introduced for certification of outputs in [8,28]. In case of time dependent
problems, the adjoint equation or the mirror problem [25] is solved backward in time
from T to 0. Here, we circumvent such a complex numerical solution by restricting our
attention to Lipschitz functions of the displacements for simulation outputs, similarly to
[29]. The output function is denoted by s(u) € R™s. The Lipschitz continuity of the output
s(u) reads:

Jc, e RT Is(w) —sW |2 < colu—v|%, weVy,vel, 1)

where V), is the convenient Hilbert space related to the FE approximation of the PDE, |- ||
is the Frobenius norm on R, The elastoviscoplastic problem is both discretized in space
and in time by the finite element method and the forward Euler scheme. The solution of

this FE problem at discrete time t* € {¢°, ..., "t} is denoted by .
Ne
wpp (X ) = ZE,'(X) ;) x€Q, ueD, Vy,=span(§y,.... ) (2)

i=1

N, . . .
where (& i)iil are the FE shape functions, x the space coordinate, u is a vector of param-
eters and D is a given parameter space.The hyper-reduction approximation of this FE

solution is denoted by uf,,:

Ny
Wi ) =Y ¥yl (w) xeQ peD, PV, (3)
k=1

where (Y k)j(vl'l is a given reduced-basis, (y,f)i(vll are the reduced coordinates evaluated
by using equilibrium equations set-up on the RID denoted by Qz, Q7 C €, by following
the hyper-reduction method [5]. The HRAE is denoted by e”, e” = u}, — u}. Because
of the time discretization, we cannot consider the approximation error e” separately for
each time index #. We must account for the error at all discrete times simultaneously.
Therefore, the upper bound of interest related to the Lipschitz continuity reads:

Nt Nl
Jeo € RY D ls(ufp + €M) — sl <co Y _lle"Z, €' eV wireVy (@)
n=1 n=1

The reference validity domain of the hyper-reduced model is denoted by Dy. Its
definition reads:

N
Dy=1mneD| Z ”s (u,VfIR + e”) — s(ufp) ”i <eép (5)
n=1

where €p is a given tolerance. The proposed numerical error estimation aims to forecast
a reliable approximation of Dy by the recourse to hyper-reduced simulations, a pos-



teriori estimations of errors and a FE simulation used to generate reduced-bases. The

approximate validity domain is denoted by Dy:
Dy ={weDleyn (i, GMNL) < ep) ©)

where ¢, is a substitute for the Lipschitz constant c,, 1 is a substitute for the tailored norm
of the HRAE, (u;’{R)ff‘: 1 is the sequence of hyper-reduced predictions over the full time

. ~\Nj
interval and ("), ”,

is a sequence of stresses fulfilling the FE equilibrium equation at
each discrete time ¢, where 6" is an affine function of the stress estimated from u},z. In
the sequel, both sequences (“7113)2[[: ,and (0" )2[; , are denoted by uyg and @ respectively.

Various Reduced-Basis construction methods can be incorporated into the hyper-
reduced model. For the sake of simplicity, in the following numerical examples, the
Reduced-Basis is provided by a Proper Orthogonal Decomposition [30-32] of the FE
solution related to a given parameter value ' € D. The POD modes are orthonormal

solutions of the following mimization problem:

N
(Wk)];:[il = arg ‘fA}in Z [ufe sy —v5 (v “?:E(?/Ll))”;(sz) )
Ve €V n=1

where (-, -) is the L? scalar product defined on  and || - || 12() is the related norm. The
hyper-reduced model is set-up in order to provide an accurate approximate solution for

n=nph
ey n(unr (51'), 0 (sn')) <enr,  €nr <ep 8)

where €eyr is a given tolerance. Hence JTR= ’ZSV. Moreover ¢, fulfills the following

constraint:
Ny )
D ls (uip (it)) = s (wiig () < o n (i (5 01),3 (511)) )
n=1

In this paper u, is arbitrary chosen. Nevertheless, the knowledge of an approximate
validity domain aims to validate this choice or to adapt it. In the sequel, for clarity, we do

not mention the vector of parameters u in the notations.

Methods

This section is organized as follows. The generalized standard constitutive equations are
presented first. They are based on an incremental variational principle proposed in [33].
Then, we introduce the hyper-reduced incremental problem to be solved. The following
section is devoted to the construction of the FE-equilibrated stress within the framework
of the hyper-reduced modeling. The next sections introduce the error estimator, the tai-
lored norm related to the CRE and the partition of the CRE. We finish by remarks on the
numerical implementation of the proposed approach.

Incremental potential for the constitutive equations

The constitutive laws are described by using an incremental potential in the framework
of the irreversible thermodynamic processes. A priori error estimators and incremen-
tal variational formulations were introduced in [33] for mechanical problems of bodies



undergoing large dynamic deformations. Extensions of this approach were proposed in
[20,21] for effective response predictions of heterogeneous materials. The strain history
is taken into account by using internal variables denoted by a. These variables are the
lump sum of the history of material changes. This approach has its roots in the works
by Biot [34], Ziegler [35], Germain [36] or Halpen and Nguyen [37] and has proven its
ability to cover a broad spectrum of models in viscoelasticity, viscoplasticity, plasticity
and also continuum damage mechanics. The FE solution is approximated by an hyper-
reduced predictions denoted by uf, afp, 07, respectively for the displacements, the
internal variables and the Cauchy stress, at discrete time ¢". For the sake of simplicity,
we denote by &7, the strain tensor e(uj;), in the framework of the infinitesimal strain
theory.

According to the framework of the incremental variational formulations, the constitu-
tive law is defined by a condensed incremental potential, denoted by wa (e%z), such that:

BWA
ofr=——C(gR), n=1,...,N; (10)

oe
In practice, we do not implement the computation of the partial derivative of wa with
respect to the component of the strain tensor. Nevertheless, Equation (10) is fulfilled up
to the computer precision. The internal variables are solutions of the following equation

[21]:

afp = arg InfeJ (efp, ™), (11)
_ yn—1

Je,a) = w(e,0) + (" —t"1) ¢ (W) , (12)

WA(E) = Infﬂt"](ex (X*), (13)

where w(e, o) is the free energy of the material, and ¢(a) is its dissipation potential [36].
The two potentials w and ¢ are convex functions of their arguments (e, o) and & respec-
tively, according to the theory of generalized standard materials [36,37]. Examples of
constitutive laws can be found in [38]. A detailed example is given in the last section of
this paper.

The convexity of wa is proved in [21] under the assumption that w and ¢ are convex
functions. In the sequel, the explicit knowledge of the condensed incremental potential is
not required for the mathematical formulation of the error estimator.

By recourse to the Legendre transformation, the dual potential of wa, denoted by w’,

reads:
Wi () = Sup,. (6" : 6 — wa (7)) (14)
We restrict our attention to convex functions wa, hence:
WA (8) = Supg. (€ : 6% — wi(c™)) (15)
Therefore:

wa®) + WA (@) —F:5>0 YF & (16)



The definition of the partial derivatives %LEA and % is extended to fulfill the following

equations:
~ ~ * * % ~ W*A ~
0. = argSup,. (£:0* —wi(o")) & €= W(ae) (17)
~ ~ ~  O0WwA
&, = argSup,. (6*:0 —wa(e")) & 0 = B—EA(SG) (18)

Hence, by construction, o}z and e}, fulfill the following equation:
wa(efp) + Wa(ofR) —efr: 0 =0 (19)

Hyper-reduced setting

The continuous medium is occupying a domain 2. The boundary 92 of €2 is denoted by
o2 U 9pQ2. On 922, there is the Dirichlet condition u = u.. On 9r<2, there is a given
force field F”. The FE displacement field belongs to a function space u. + V. The reduced
subspace is denoted by Vrou:

Vrom = span(¥y,..., ¥y, ) C Vy (20)

We denote by V the matrix form of empirical modes defined on the FE basis:

Ne
V0 =Y &) Vi, k=1,...,Ny (21)
i=1

By following the hyper-reduction method [39], we generate the RID Q7 by using the
empirical modes (¢ k)f:w1 and the strain modes (e (¢ k));:[il. When the RID is known, we
determine the set of available FE residual entries when the stress estimation is restricted
to Qz. This set is denoted by Z such that:

Z:{ie{l,...,Ng},/ £2dQ =0} (22)
Q\Qy

Therefore, we can define truncated test functions insuring a weak form of the balance
of momentum restricted to the domain 2, since these test functions are set to zero over
. N,
Q\ Q7. These truncated test functions are denoted by (wf ) kil such that:

Vi) =) £ Vi, k=1,...,Ny (23)
i€z
The statement of the hyper-reduced incremental problem is the following. Given a
parameter vector i, find an estimation of the reduced coordinates y” such that uf;; €
u, + Veou fulfills the constitutive equations and the principle of virtual work:

Ny
Wr®) =u+ Y PX)y xeQ (24)
k=1
/Q e(Y?) 1 0, dQ = /6 . i F'dl Yke(l,...,Ny) (25)
A 'F VA
afp = arg InfyJ(e(ufy), ) Vx € Qy (26)
ow
0y = —(e(WiR) VxeQy 27)

oe
where : is the contracted product for second-order tensors. We must emphasize the fact
that Equation (24) gives access to the displacement in all the domain 2 although the equi-



librium is set only on Q2. Hence, when the hyper-reduced solution is known, the stress
0%z can be estimated on the full domain €2 by using Equation (10).
The FE equations are obtained by substituting in equations (24) to (26), the following
items:
. Ng Ny
e the shape functions (§;),_; for (¥x),~;,
: Ng Z\Ny

e the test functions (§,),_, for (¥7); ;.

o the full domain 2 for Q,

. N; N,

e the variables ((qi)z:l' “7-"5’ ‘Tlrf"E’ a;’:E) for ((yk)kil, uip, 0t “ZR)'

However, in Equation (27), the incremental potential related to the hyper-reduced pre-
diction is not the incremental potential of the FE prediction, because ocl'igl and otf&l
may differ. So, o' fulfills the constitutive equation, but it may not be a derivative of wa.
Therefore, we introduce a correction term in stress, denoted by §¢”, such that:

ow
oy = a—eA(el’f-E) + 80" (28)

where e7, = e(u};) and 60" account for the variation of the internal variables due to the

. NS RV = B .
difference between (s}E):lzl and (s’HR):.qzl at time instants before ¢”. The convexity of w
and ¢ insures that the FE solution is unique, if no rigid mode is available.

Dual reduced-subspace

In this section, we introduce the technique of construction of the stress fields ¢” fulfilling
the finite element equilibrium equation at each discrete time ¢”. These stress fields are
used in the next sections to build a CRE. The FE equilibrium equation is a linear equation
upon stresses denoted by o”. It defines an affine space such that ” € o}, +Sj, where o'},
is a particular solution of Neumann boundary conditions (i.e. in the linear elastic case for
instance), and Sy, is the following vector space:

S, = {a e L*(Q) | / e : 0dQ2=0 Vu*e vh} (29)
Q

The following linear elastic problem gives us o'3;:

uy €V (30)
] e(u*) : oy dQ = / uw . .F'dll Vu* €V, (31)
Q rQ

oy = E,e(uyy) VxeQ (32)

where E, € RT is an abritary constant.
By the recourse to the stress predicted by the FE simulation for s = u!, we obtain the
snapshots of stress fields (a}’_-E(g wh) — 01’(,)2[‘:1 that span a subspace of Sy:

ot (set) ok eS, n=1,...,N (33)

Similarly to the approach proposed in [10] for elasticity, we introduce a dual reduced-

subspace denoted by Spomr C Sp. Srom is generated by the usual POD applied to

(O';I:E(-; ul) — a]”\[)]:’:l. Its dimension is denoted by N7, and it is such that Nj <N



Hence, the hyper-reduced predictions of the stress tensor can be projected into the
space of admissible stresses fulfilling the FE equilibrium equation. This projection reads:

¢"=oy+arg min |ofp — oy — 0”2 (34)
o*eSrom

The above minimization problem is a global L? projection of the stress o, onto the
reduced basis that span Spoar. The dual basis being a POD basis, it is orthonormal with
respect to the L? scalar product. So the computational complexity of the stresses projec-
tion scales linearly with the number of Gauss points of the mesh and Ny . In practice, this
computational complexity is negligible compared to the complexity of the evaluation of
o %p, by using the constitutive equations.

The constitutive relation error and its partition
The reference solution being incremental in time, no continuous formulation in time is
considered for the error estimator. The error estimation proposed in [33] for incremental
variational formulation, is related to an asymptotic convergence assumption in order to
get an upper bound of the approximation error related to the FE discretization. This upper
bound depends on a constant related of the weak form of the partial differential equations.
Here, we propose to apply the Constitutive Relation Error method proposed in [22] to
estimate the constant ¢, without assuming an asymptotic convergence of the HRAE.
Following the method proposed in [22], a constitutive relation error, denoted by 7, can
be introduced as follows:

N;
N §) =Y /Q wa(e(WR) + WA (") — e(wp) : 3 dS2 (35)
n=1

where 6" is defined by Equation (34). The following properties hold:

N &) >0 Viecu+V, Ve (36)
_ U
nr, ) =0 & a":%(e(uﬁm)) VxeQVnefl,..,N;} (37
&

nupr, 0) =0 = e'=0 VxeQVnel{l,...,Ny} (38)

The first property (36) comes from the Legendre transformation (14). The property (37)
comes from Equation (19). The proof of Property (38) is the following. If n(uf,,, ") =
0Vn e {1,...,N;} then (ufy, 0", a}p) fulfills the constitutive equations, the Dirichlet
conditions and the FE equilibrium equation. As (u},z, 6", &) fulfills all the equations of
the FE problem, it is a solution of the FE problem and e” = 0.

We propose for |le”||,, an Hilbert norm parametrized by the approximate solution uf;,
and the exact solution u}. This parametrized norm is defined by:

le” |17, = /Qe(e") : G(e(upp), & (upg)) : (") A (39)

where &(-) is the symmetric part of the gradient and G a symmetric positive-definite
fourth-order tensor. If the identity tensor is substituted for G, we obtain a usual H!(2)
norm. We assume that there is no rigid mode, neither in the FE solution nor in the reduced
basis.



The following mathematical developments aim to establish a relation between
n(ayR, "WA (erp)) and the tailored norm |e”||,.. We choose G by the recourse to the con-
vexity of the incremental potential wa. According to the Legendre transformation, we
have:

d 9
Wi ( ;VEA (61@5)) =&} ;’EA () —wa (efg), n=1,...,N,, (40)

Hence, we can remove the contribution of the dual potential w’, in n (uHR, a;"s A (g FE)):

n (uHR, (em) Z / wa(efir) — walefy) — (eFE> (efp — €fp) dQ
(41)
Let us define the scalar function f(1):
€[0,1], f(A) = n (ﬂ(/\) (8FE)> (42)
wrt B"(A) = ufp + 1 (uHR —ufy), n=1,...,N; (43)

We assume that f is C2 on [0, 1]. The application of the Taylor Lagrange formula at
order 2 leads to:

1
e €]10,1[ s.t. f(1) = f(0) +f/(0) + if”(xc) (44)

The function evaluation and its derivatives read:

f0) =0 (45)
0

Q) =1 (uHR, % (em) (46)

f0 =0 (47)

Nj
1/ - n n 82 n n n
' = Z/Q (ehp — &) - ?WZA (e (B"W)) : (elg — eltp) AR (48)
n=1

Therefore, by choosing:

1 8%w
G(eﬁlR’s?fE) 2 9e zA (SFE+)‘ (elniR_egE)) (49)

we obtain the following property:

]
E e” ||i =1 (uHR; T‘;}A (€FE)> (50)
&

This property is an intermediate result before establishing the relationship between
||e”||§ and the error estimator. The incremental potential being strictly convex, G is
definite positive. A schematic view of Zﬁ[‘: 1 lle” ||§ is shown on Figure 1.

Similarly, a norm on stresses can be defined to measure the distance between the
admissible stress 6 and 6%, — 86", by the recourse to the dual potential w’ such that:

||(’f” —ofp+ 6(7””(2T = /Q (0" —o}p +680") : H(0", 0} — 86”) (6" — o+ 80") dQ

(51)
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Figure 1 Tailored norm. Schematic view of the physically-based norm of the approximation error, related to
the convexity of the incremental potential. The ordinates of points on the dashed line are given by

z(e") = Zgéw Jawa (efe) + aa% (efe) 1 (7" — ef) d<.

where H is a positive symmetric fourth order tensor. To establish the relation between H
and the Hessian matrix of the potential w7, we consider n(ugg, 0). Intermediate stresses
(s” (A))Jn\[; , are introduced such that:

S"W) =0 — 86"+ 1 (@" —0fp+80"), n=1,...,N; (52)

By the recourse to the Taylor Lagrange formula, we obtain the following property:

N
he €10,1[,5.t > [[6" — o + 86”2 = 1(upE,0) (53)
n=1
. 1 82w"A
w.L.t H(U”,U?:E — 80”) = > W(Sn(kc))

Property. The proposed constitutive relation error fulfills the following partition:
N, N N
n ) = Y1+ 31"~ ofe +00"2 + Y [ s@hiotda G
n=1 n=1 n=1 2
The last term of the sum is a coupling term between the error ¢” and the HRAE commit-
ted before the discrete time ¢”. Since we can't certify that this term is positive, 7 is not an

upper bound of the HRAE.

Thanks to the definition of §o by Equation (28), we have the following properties:

n(ugg,0pg — 80) = 0 (55)
N

n(upg, o — 80) = Y _ ||e"|2 (56)
n=1

We start proving the partition property by considering the following sum of terms:
A = n(uur, @) — n(unr, 0 g — 86) — n(arg, &) + n(urg, 0 pp — §0)

In A, the contributions of wa and w), are canceled when considering the definition of

1, and we obtain:

N
_ n . on no,(n n n o,-~n no.,(n n
A_E fﬂ—eHR.a + et (0Fp — 86") +efp : 0" — e} : (0 — 80") dQ
n=1



Then:

Ni
A= Z/ —efp: (6" —ofp +80") + €fp: (6" — 0} + 80") dS
n=1 Q2

Nt Nt
= Z/ (ehe — elp) : (6" — o) A2+ Z/ (efp — €fpr) : 80 dQ,
n=1"% n=17%

where e}, — e} = e(e"). Therefore, according to properties (53), (55) and (56), the
following partition is fulfilled:

N; N;
n (e, 0) = Y _ "2+ > 16" — o + 80”2
n=1 n=1
N
+Z/ e(e") : 80" dQ
n=1 2
N
+Z/ e(€"): (0" —o}y) dQ
n=1 2

Since " € Vj and 6% — 0" € Sy, then:

/ e(e": (3" — a;’:E) dQ2=0 Vn
Q

This ends the proof.

Property. If e” = 0, for n € {1,...,N;} then uf, = uf,, af, = afy, 66" = 0 and:
N;
o~ o~ 2
n(urg, Org) = Z o7 — o el (57)
n=1
Gpp = 0oy +arg min oz — oy — 0”2 (58)
o*€SRoM

In the general case, the closer 6" to 07, — 50 the better the error estimation. The
proposed error estimator incorporates errors related to the projection of the stress onto
the dual reduced basis.

Numerical implementation of the CRE
The numerical implementation of the incremental potential and its dual is not required
for the error estimation. Let’s consider the following function of a scalar coordinate A:

1 €[0,1] , g) = wa (efR) + Wwa(T (V) — efp : T(A), (59)
T(A) =ofp+Ar (6" —oip) (60)
Then:
g0) =0 (61)
N;
i @) = 3 [ g (62)
n=1

d W), ~n n
d—i(x) = (awf(r(x)) —37{R> (6" — ol) 63)



Therefore, the following property holds:

Ny 1
n(apg, 0) = Z/S;/O E" () — efp) : (0" — ofg) drdQ (64)
n=1
1 oW B — ;
w.rt. €'(L) = W(-c(}\)), T(A) =0fp+ A (0’ — o'HR) (65)

Here, €”().) is the strain tensor given by the constitutive equation upon the stress (1)
at time ¢” and the internal variables oc]’f[}l at time #"~1. Hence, the numerical estimation
of € () can be performed by the usual implementation of the constitutive equations of
generalized standard materials [40-42].

In the following numerical simulations, we have estimated the integral on A by the value
of first derivative of g for A = 1.

Numerical estimation of the constant ¢,

In practice, we have more modes than necessary to achieve accurate predictions for p =
ul, because the POD of (e () [Ll))i:il is accurate up to the numerical precision. The
total number of available modes is denoted by N v such that ﬁv, < min(Ng, Ny) and
Ny < Ny. This gives access to several hyper-reduced models by restricting the number of
modes involved in the reduced basis related to the displacements. The constant ¢, is set-
up by using these approximate hyper-reduced solutions and the known stresses predicted
by the FE model:

B ot ls (wte (5 ) = (e (5 1)) |17
¢y = max_ - = (66)
Ny e{1,..Ny ) min {n (upr (501), oz (50Y)) 0 (upr (501), o (50t))}

Hence the constraint (9) is fulfilled. Let us denote by Nj, the number of displacement
modes for which the maximum in Equation (66) is reached. In our opinion, if we expect
that the error estimator behaves like an upper bound, we should not take N;I modes to
generate the final HR model. In the following example, we are setting Ny, = Nfb + 1.

Results and discussion
We apply the estimation of the validity domain to a beam composed with a layer of tin
alloy (SnX) on a layer of copper (Cu). This is a cantilever beam shown in Figure 2. The

Zoom SnX

Figure 2 Meshes. On the top, we show the boundary condition and the mesh of the FE model. On the
bottom, we show the RID involving 31 elements of the original mesh.




thickness of the tin is 0.155 mm, the thickness of the copper in 0.111 mm, the width and
the length of the beam are respectively 2. mm and 12. mm. These are the dimensions
of an experimental specimen used at the Centre des Matériaux. The simulation output
is the difference between an experimental transverse displacement at point A, shown in
Figure 2, and its prediction by the mechanical model:

S(UZR) =Yy uly-llR(A; ,L) - upr (67)

n
exp

verse displacement of the point A. The copper is assumed to be elastic and isotropic. Its

where y is the transverse axis and u},, is a given experimental measurement of the trans-
Young modulus is 63000. MPa and its Poisson coefficient is 0.3. The tin alloy is isotropic
and elastoviscoplastic with a linear kinematic hardening. The potentials of the tin alloy
read:

o = (ef,a) (68)
we, @) = — ( ety YE e ery
’ 2\1+4+v 1=2v)1+v)
L Ca:a 69
+§ oo (69)
2 > 2 )
v) — — b . b Z (&P - éPYom
(p(ot)—(gs .e) <R0+h3(e : €P) )
m+1
__r <2 &P ep) .
m+1 \3
+ ! + ! (70)
S((EF —a): (8¥ — @)  S(Tr(eP)|)
8(0) = + o0 (71)
S(x#0) =0 (72)

where E = 80000. MPa, v = 0.3, m = 8., R, = 0.1 MPa. These material coefficients
are reasonably good enough to fit experiments performed at the Centre des Matériaux.
The parameters of the mechanical model are the material coefficients / and C related to
viscoplasticity and kinematic hardening respectively. The range of variation for p = (&, C)
is [ 15. MPa, 30. MPa] x[ 3000. MPa, 40000. MPa]. The pointwise load follows a sinusoidal

time variation:

F' = —F, sin (n ;{) Y, Fax = 004N, N; = 5 (73)
t

The FE simulation used to generate the reduced basis is performed on an arbitrary
sampling point u! = (20. MPa, 30000. MPa). The POD of the FE solution gives N v =
9 displacement modes with non-zero eigenvalue. It also provides N; = 48 admissible

NU
stress modes. We denote by (¢7) k:w1 the statically admissible modes related to the POD
of (67:( uh) — 0]’([)2[;1. Some of these modes are shown in Figure 3.
Figure 4 shows that the proposed error estimator incorporates errors related to the

projection of the stress onto the dual reduced basis. In this example, if the number of



Figure 3 Empirical modes. Some POD modes: on the left for displacements and on the right for admissible
stresses.

modes of the dual reduced-basis is too small (i.e. smaller than 24), the error estimator does
not account for the improvement of uyg when the reduced-basis (I//k)i(\[lll has more than 3
modes. The convenient choice of Ny is set-up by considering its influence on the smallest
value of 7 for large values of Ny,. Here, Nj = 29 makes this influence negligible for all
values of Ny. When N7 has been fixed, we can estimate ¢, according to Equation (66).
Figure 5 shows the curve related to the HRAE and the error estimator ¢, 7 obtained for
the sampling point @ = p!, when varying the number of displacement modes for the
maximization problem (66).

For the proposed example, inside the plastic zone, the stress field through the thickness
of the beam is very sensitive to modifications of the parameters / and C. Here, the valid-

ity domain of the hyper-reduction approximations is defined by ep = 0.052 Zly\l{‘: 1 (uzxp)Z.

€D
25.10%°

Then, Ny, = 7 and the related RID Qz, shown in Figure 2, involves 31 elements over a

It is shown in Figure 6. The hyper-reduced model is set-up by choosing eyr =

total of 120 elements. The average number of Newton-Raphson iterations is 4 per time

Constitutive relation error n

100 ! ! ! ! ! !

Figure 4 Convergence of the error estimator. The constitutive relation error depends on both displacement
approximation and admissible stress approximation. Here, u = .
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Figure 5 Constant fitting. The coefficient ¢, is fitted upon the simulation outputs obtained for u = p' such
that the error estimator gives an upper bound of the output error, in the case i = '

step. The speed-up obtained with this hyper-reduced model, including the error estima-
tion, is 6. Without error estimation the speed-up is 8. Hence, the cost of error estimation
is quite reasonable and the computational-complexity reduction is preserved. Here, the
FE model is very simple. The bigger the FE model, the larger we expect the speed-up
to be.

The estimation of the validity domain is shown on the right of Figure 6. It is quite restric-
tive. This means that most of the points in Dy are in the reference validity domain Dy

Ny 2
Z | s pp) - s(uHR)” F

. N N,
e (ufe) M (G
o -~ -
Z u ! n2
ne1 | ewp Z u
x 10" n=1 exp

15 20 25 30 15 20 25 30

h h

Figure 6 Error prediction on outputs. On the left, in blue, the reference validity domain Dy over the
parameter space D, on the right the approximate one Dy . The white star is located at the sampling point .
The black dashed line is the limit of the reference validity domain defined by an error on the outputs lower
than 5%.




Here, for small values of the parameter /, the prediction of the validity domain is too con-
servative. Such a situation can appear when the average influence of a parameter on the
solution is larger than its influence on the output, because the error estimator is linked to
the HRAE in an average sense.

We have tried the proposed numerical approach in case of Ny, = pr (here pr = 6),
by using the same RID. The estimated validity domain and the boundary of the reference
validity domain for the related HR model are shown in Figure 7. This modification has
significant influence on the numerical results. Once again, all the points in 5‘/ are in the
reference validity domain.

We have performed additional numerical simulations by substituting a Dirichlet bound-
ary condition to the pointwise load. In this case, the time evolution of the load is:

W = —Upgy sin (JT ]:l—[> Y, Upax =18 mm, N, =5 (74)
t

Figure 8 shows the estimation of the validity domain of the hyper-reduced model com-

pared to the boundary of Dy, for this case of a non-zero Dirichlet boundary condition.

Both reference validity domain and its estimation are different compared to the previous

en( (ug) N (G )Y)

Ny

n2
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h

Figure 7 Error prediction on outputs for Ny, = 6. In blue, the approximate validity domain 5\/‘ The white
star is located at the sampling point i1'. The black dashed line is the limit of the reference validity domain
defined by an error on the outputs lower than 5%.
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Figure 8 Error prediction on outputs in case of non-zero Dirichlet boundary condition. In blue, the
approximate validity domain Dy. The white star is located at the sampling point . The black dashed line is
the limit of the reference validity domain defined by an error on the outputs lower than 5%.

ones because the reduced bases are different. They have a better accuracy with respect to
Ny =7and Nf; =29.

We can notice that the higher /2 and C, the smaller the plastic strains in the beam. Since
the hyper-reduced model is accurate for low plastic strains, the validity domain covers the
high values of /7 and C.

Conclusions

We propose an a posteriori estimator of hyper-reduction errors that aims to evaluate
if the simulation outputs predicted by hyper-reduced models are convenient approx-
imations of the outputs that the finite element simulation would have predicted. By
choosing a tailored norm of the approximation error on displacement, we show how the
proposed error estimator is related to the HR approximation error. This error estima-
tor receives the contribution of a coupling term between the error at time step n and
the error committed before. We show that this term prevents rigorous error certifica-
tion. But in practice, numerical examples show a restrictive estimation of the validity
domain of the HR model. By restrictive, we mean that this domain is inside the ref-
erence validity domain computed by using both the FE solution and the HR solution.
The speed-up achieved by the HR model including the estimation of the constitutive



relation error is 6 on the proposed numerical elasto-viscoplastic examples. The estima-
tion of the validity domain requires the computation of a constant similar to a Lipschitz
constant. This constant is estimated without any additional simulation of FE solution,
but the FE solution at the sampling point @ = m'. As shown in is this paper, the
numerical implementation of the proposed error estimator is very simple. It does not
require the computation of the incremental potential or of its dual. This paper is a
first attempt for a posteriori error estimation of hyper-reduction approximations. More
numerical experiments are in preparation for the assessment of the proposed numerical

approach.
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