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the RB and the interpolation basis vectors, making the generation of a stable,
compact and reliable ROM possible. This is achieved by adaptively adding new
basis vectors or removing unnecessary ones, at each iteration of the greedy
algorithm. An efficient output error indicator plays a key role in the adaptive
scheme. We also propose an improved output error indicator based on previous
work. Upon convergence of the POD-Greedy algorithm, the new error indicator
is shown to be sharper than the existing ones, implicating that a more reliable
ROM can be constructed. The proposed method is tested on several nonlinear
dynamical systems, namely, the viscous Burgers’ equation and two other models
from chemical engineering.
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1 | INTRODUCTION

Large-scale mathematical models have become common in detailed modeling of complex physical and chemical pro-
cesses. By large-scale, we refer to a model with a large number of degrees of freedom. Very often, these models need to
be evaluated repeatedly, for different sets of parameters. To avoid the huge computational burden, model-order reduc-
tion (MOR) typically seeks a small-scale system, with substantially fewer (typically, at least by 1-2 orders of magnitude)
degrees of freedom, that faithfully approximates the original system with parameter variations. The original large-scale
system is referred to as the full-order model (FOM) while the small-scale system is called the reduced-order model (ROM)
in the following.

MOR for linear systems has been under investigation for several decades and is well-established.! However, meth-
ods for nonlinear systems are still under active research. Existing MOR methods for linear systems could be extended
to weakly-nonlinear systems or systems with structured nonlinearities.>* For general strong nonlinear systems, the
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snapshot based methods, for example, proper orthogonal decomposition (POD), reduced basis method (RBM) are chosen
most often. The use of POD/RBM is often accompanied by an interpolatory strategy for efficient evaluation of the non-
linear function of the ROM. The idea is instead of evaluating the vector of nonlinearities with the full dimension, only
several elements in the vector are evaluated. The interpolation indices decide which elements should be evaluated. Sev-
eral interpolation methods have been proposed, for example, the empirical interpolation method (EIM)*° and the discrete
empirical interpolation method (DEIM).® In addition, there exist gappy-POD’*! and missing point estimation.!? POD
with DEIM, that is, POD-DEIM, was proposed for MOR of nonparametric nonlinear systems,>® while RBM combined
with EIM (RBM-EIM for short)*? is often applied to parametric nonlinear systems.

A standard implementation of POD-DEIM is to separately generate the reduced bases (RBs) for the state vector and
the interpolation bases for the nonlinear vector using POD and DEIM, respectively. This technique nevertheless does not
guarantee that the ROM and the interpolation bases are as small as possible. In the worst case, the ROM might be unstable.
To avoid these issues, the authors in Reference 13 introduced a method of adaptively constructing the RB and the DEIM
bases. The adaptivity is guided by an a posteriori output error indicator for the ROM. Finally, a compact and reliable ROM
is obtained. The algorithm in Reference 13 has several drawbacks. First, it is only applicable to nonparametric systems.
Second, the adaptive scheme is only one-way. This means, the interpolation bases can only be extended but cannot be
shrunk when necessary. Therefore, the number of the initial basis vectors must be small enough, which could cause more
iterations until convergence. Third, the error indicator used in Reference 13 is not ideally sharp and could be further
improved.

For parametric systems, direct implementation of RBM-EIM by separately implementing EIM could give rise to similar
issues as for nonparametric systems caused by POD-DEIM. In addition, the standard EIM needs FOM simulations at all
samples in a training set, which is time consuming. This issue is also pointed out in References 14 and 15. In Reference 16,
RBM-EIM is implemented such that both the RB and the interpolation basis are updated simultaneously. The update was
done by trivially adding a single new member to each of the bases at each iteration step of the POD-Greedy algorithm'’
designed for parametric nonlinear systems. Moreover, in Reference 16, initial RB and EIM basis vectors must be computed
by simulating the FOM several times over a coarse training set. In contrast, the adaptive approach proposed in this article
builds the ROM by starting with a single FOM simulation, which is more effective in the sense of adaptivity.

Recently, adaptive schemes have been proposed in References 14 and 15 for RB and EIM bases construction. The
authors in Reference 15 propose the simultaneous EIM-RB (SER) method of simultaneously enriching the RB and EIM
bases for nonlinear but stationary problems. The goal is to enrich the EIM and RB basis alternately, avoiding the com-
putation of expensive FOM solutions for all the parameters in a given training set. In the first step, an FOM solution at
a randomly chosen parameter is obtained. Based on this, the EIM basis and interpolation point are evaluated. Further-
more, the first RB basis is built by orthogonalizing the available snapshot from the FOM solution. In the subsequent steps,
the EIM and RB basis are enriched alternately, relying only on the approximate solutions computed from the ROM sim-
ulation. In essence, the approach requires only an initial FOM simulation at a single parameter. Since only the ROM is
simulated for EIM and RB updates, the snapshots used for EI and RB construction are approximate snapshots. Thus, SER
can be considered as an approximate RBM-EIM method.

A progressive EIM (PREIM) method for nonlinear, dynamical (time-dependent) systems is proposed in Reference 14.
A special case of the method is a natural extension of the SER method in Reference 15. The PREIM method evaluates
the nonlinear function not only at the approximate FOM solution, but also at the high-fidelity FOM solution, whenever
available. More precisely, if a new sample of the parameter is selected for RB enrichment, the high-fidelity solution at this
sample and the corresponding many time instances need to be computed to enrich the RB bases. The nonlinear function
evaluated at the high-fidelity solution of this sample can be readily obtained. For other samples in the training set, the
nonlinear function is evaluated at the approximate FOM solutions computed from the ROM. Therefore, this method can
be referred to as semiapproximate RBM-EIM.

In this work, we propose a new adaptive scheme of RB-(D)EIM basis enrichment for parametric nonlinear systems.
As compared with the adaptive POD-DEIM in Reference 13,

« We have extended the technique to parametric nonlinear systems. The extension is nontrivial, since our adaptive
scheme is constructed based on POD-Greedy,!’ tailored for parametric systems. Unlike the POD-DEIM algorithm
in Reference 13 for nonparametric systems, or the standard POD-greedy algorithm for parametric systems where
(D)EIM needs to be pre-implemented by simulating the FOM at all the parameter samples in the training set before
the main algorithm starts, we consider a simultaneous enrichment of RB and (D)EIM in our proposed adaptive
POD-Greedy-(D)EIM algorithm starting with a single FOM simulation at the initial parameter.
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« We have made the adaptivity more flexible. The RB and (D)EIM bases enrichment is now a two-way technique, that
is, it is not only for adaptive basis extension but also for adaptive basis shrinking according to a user-defined error
tolerance of the ROM, and the user-given initial basis dimensions.

« An improved and sharper output error indicator is derived for both nonparametric and parametric systems, which
can be further used in the proposed adaptive schemes. Radial basis function interpolation is applied to compute
the parameter-dependent inf-sup constant cheaply and fast, so that singular value decompositions (SVDs) of a full
dimensional matrix at all the samples of the parameter are avoided. In Reference 18, the authors propose a Kriging
interpolation based method to estimate the inf-sup constant and also remark on the connections between Kriging
and radial basis interpolation. In this work, we apply the more straightforward method of radial basis interpolation
as proposed in Reference 19, where the interpolation points are adaptively constructed. Adaptivity is nevertheless not
considered in Reference 18.

As compared with SER, PREIM in References 14 and 15,

« We do not use the approximate state to evaluate the nonlinear function during the RB and EIM construction so that no
extra errors are introduced. For DEIM/EIM, we only use the high-fidelity solutions that are needed for RB enrichment
and are computed by FOM simulation at the parameter samples selected iteratively by the POD-Greedy algorithm. The
nonlinear function is evaluated only at those high-fidelity FOM solutions that are available for free.

« For both methods, SER and PREIM, a new sample is selected for basis enrichment according to the approximation
quality of EIM rather than the ROM quality. Furthermore, the selection process might be time consuming for dynamical
systems, since it is done at every parameter sample in the training set and at each time instance corresponding to each
sample. Our adaptive scheme is based on an efficient output error indicator for the ROM. At each iteration, a new
sample is selected by considering both the EIM error and the RB error. The parameter selection follows POD-Greedy,
but the adaptive bases enrichment is based on the separate contributions of the RB and EIM errors to the whole ROM
error, thanks to the error indicator.

« At each iteration of either SER or PREIM, only one candidate vector is computed for EIM basis enrichment. Our
proposed adaptive scheme makes adaptive EIM construction possible, meaning the number of the new EI basis vectors
for basis extension could vary at each iteration. Moreover, the dimension of both RB and EI basis space can also be
adaptively shrunk according to the error indicator.

« Beyond those aspects, we have made the RB enrichment adaptive, which is not considered in either SER, PREIM, or
standard POD-Greedy. This means the number of POD modes to be added to the RB space is adaptively varied at each
POD-Greedy iteration.

Note that in the process of constructing the ROM, many adaptive techniques are proposed with adaptivity emphases or
aspects of adaptivity differing from our proposed work. For example, in Reference 20, an adaptive POD-Greedy algorithm
is proposed, but with a different sense of adaptivity. There, the algorithm focuses on adaptively enriching the training
set. In contrast to offline adaptive construction of the RB as considered in our work, methods in References 21-25 focus
on online adaptively updating the RB or the (D)EIM interpolation basis. Reference 26 treats simultaneous training of RB
and quadrature points for quadrature computation of the integral occurring in, for example, finite element descretization.
The approximate quadrature computation is a different way of reducing the nonlinear complexity of EIM or DEIM than
considered in our work, though the simultaneous training technique is analogous to the SER method in Reference 15.
As a result, what is to be simultaneously trained is also different. Reference 27 replaces the DEIM basis with a different
basis, the motivation is to avoid a second SVD associated with the DEIM basis, so as to speed up the offline computation.
It is different in the aspect of the simultaneous training considered in our work. We admit that the short review here is
by no means exhaustive, and all the adaptive techniques proposed based on interpolatory MOR are not reviewed, though
numerous papers exist in the literature, see, for example, References 28-30.

1.1 | Summary of contributions

« In Section 3, we propose an improved primal-dual based output error indicator. The error indicator can be seen as being
composed of two parts. The first part is the product of the norms of two residuals: the dual residual and the primal
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residual. The second part is associated with the approximate state of the dual system. We show that the norm of the dual
residual (residual of the dual system) can be further reduced by introducing more efficient solvers for the dual system.
The second part of the error indicator can also be reduced by introducing a modified output. Upon convergence of the
POD-Greedy algorithm, the new error indicator is shown to be much sharper than the existing ones. The indicator is
derived based on a semi-implicit time discretization scheme, with explicit time discretization in the nonlinear part.
Extensions to general implicit discretization schemes are possible and should be considered as future work.

« In Section 4, an adaptive process for RB-(D)EIM basis generation is proposed, which we call adaptive
POD-Greedy-(D)EIM. Since we improved the existing adaptive POD-DEIM using the improved error indicator and the
proposed two-way approach, we also show the improved adaptive POD-DEIM in this section.

« To efficiently compute the inf-sup constant for error estimation, we apply the radial basis interpolation approach®® to
approximate the inf-sup constant for parametric systems. It shows good accuracy and speed-up.

« The proposed ideas are tested on several examples in Section 5 including two examples from chemical engineering—a
fluidized bed crystallizer (FBC) model and a batch chromatographic model.

The remaining part of the article is organized as follows. In Section 2, the standard algorithms, on which the proposed
adaptive algorithm is built, are reviewed: POD, POD-Greedy, EIM, and DEIM. Since the adaptive algorithm is based on an
efficient error indicator, we introduce an improved output error indicator in Section 3. The adaptive POD-Greedy-(D)EIM
is proposed in Section 4. Simulation results are presented in Section 5, and conclusions are given in Section 6.

2 | PRELIMINARIES

In this section, we review existing algorithms for MOR of nonlinear parametric systems, which are the building blocks of
the proposed adaptive algorithm. Consider a parametric, nonlinear dynamical system of the following form,

E(u)x(t, p) = AQu)x(t, u) + fOx(t, 1), p) + B(p)u(b),
Y&, 1) = CQx(t, 1), €}

where

« u € R4 is a vector of parameters in a parameter domain & C R¢,

o x(t, u),f(x(t, u), u) € RN are the state and the state dependent nonlinear vectors, respectively,
« u(t) € RM is the input signal,

« Y(t, u) € RNo is the output/quantity of interest,

o E(u),A(u) € RVN are the system matrices,

o B(u) € RMNr C(u) € RNo*N are the input and output matrices, respectively.

Such systems typically arise from the spatial discretization of parametric partial differential equations (PDEs) through
finite difference, finite element, or finite volume methods. Since N is typically large, we wish to find a system of reduced
order r < N, which accurately approximates the original system solution.

2.1 | Parametric MOR via projection

Assume the solution to Equation (1) lies in a low dimensional subspace, then it is possible to construct a matrix V€ RN*"
with low rank (r <« N), whose columns constitute an orthogonal basis that spans this subspace, such that the solution can
be approximated by the basis vectors. Then a ROM can be given via Petrov-Galerkin projection,

Er(u)%r(t, u) = Ar()x,(t, u) + fr(VXe (L, 1), u) + Br(p)u(o),
Yr(t, ) = Cr(u)x(t, p), ()
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« W € RM¥ is a matrix, whose columns span a test subspace,

o x,(t, u) € R", is the reduced state vector,

o [1(Vxe(t, ), u) = WEf(Vx,(t, u), u) € R’, is the reduced nonlinear vector,

o A(u) = WTA(WV € R™, E () := WTE(u)V € R™ are the reduced system matrices,

o By(u) := WTB(u) € RN, Cu(p) := C(u)V € RNoX" are the reduced input and output matrices, respectively.

For parametric nonlinear dynamical systems, snapshot based methods are widely used to construct the basis vectors
in V and Galerkin projection is often chosen to construct the ROM, that is, W = V. POD is either used as an independent
method or as an intermediate step in POD-Greedy!” for ROM construction. Throughout the article, ||-|| refers to the vector
2-norm or the matrix spectral norm.

2.2 | POD and POD-Greedy

POD is a procedure of constructing an optimal orthonormal basis that is used to approximate a given dataset. Consider a
matrix X € RNK| consisting of the given data. Let rank(X) = ry. For any # < rx, POD gives rise to an orthonormal basis
{u;}/_, satisfying the following optimality criterion,

2
K l
(), = argmin 3 = 3705 )|
i}, 5= k=1
S.t, <ﬁi, ﬂ]> = 5ij, 1 < l’.] < . (3)

The basis vectors {u; }fz , are called the POD basis, and they are obtained through the SVD of X. When POD is used
to compute the projection matrix V for MOR of a dynamical system, the system is first simulated to obtain solutions
x(t1),x(t2), ..., x(tx) at (selected) time instances t1, t, ..., tx, which are called snapshots, then the POD basis of the snap-
shot matrix X: = [x(t1),x(t2), ... x(tx)] defines the projection matrix V. Algorithm 1 demonstrates the construction of V'
through POD.

Algorithm 1. Proper orthogonal decomposition (POD)

Require: Snapshots X = [x(t1),x(t,), ... ,x(tx)], tolerance epop (a heuristically chosen small value).
Ensure: POD basis matrix V.

SVD
1: Perform X — UZWT, X := D0

= [0 O]’D = diag(al,az,...,arx),

2: Find r, s.t.,, 3% 10 / XX, oi>€pop, rx is the number of nonzero singular values from £, V = U(: ,1 : r).

Algorithm 2. Standard POD-Greedy!’

Require: Parameter training set E C &, tolerance tol.
Ensure: Basis matrix V.

1: Initialize. V =[], u* € E.

2: while doA(u*) > tol

3: Simulate FOM at x* and obtain snapshots, X = [x(t1, u*), x(t2, u*), ..., x(tg, u*)].

- SVD
4 Update the projection matrix X := (X - Projv(X)) — UTWT, V is the subspace spanned by V.
5: V « orth{V,U(:,1)}.

6: u* i=arg rzleacx A(p).

7. end while
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For parametric systems, one needs a suitable method to capture the variation in the solution manifold due to the
parameter variations. For this purpose, we adopt the POD-Greedy approach.!’ It relies on POD in time domain and a
greedy selection in the parameter domain; it is a standard implementation of the RBM for parametric dynamical sys-
tems. The details are given in Algorithm 2. A crucial ingredient of the algorithm is the availability of a cheap and sharp
error estimator A. At each iteration, the error estimator must be evaluated n,, times, where ny.,;, is the cardinality of
the parameter training set Z.3! Therefore, it is important that the error estimator is computed in a rapid and reliable
manner.

2.3 | EIM and DEIM

From Equation (2), we observe that the complexity of evaluating the nonlinear term f,, still depends on the FOM, since
we need to first evaluate it at Vx, € RN for a given parameter x. Some interpolation techniques are proposed to reduce
this complexity.

2.3.1 | Empirical interpolation

The EIM was introduced in the context of the RBM, in order to reduce the complexity in evaluating nonaffine parameter
dependence or nonlinear dependance in the ROM.*> Both the interpolation indices and the interpolation basis vectors
are chosen in a greedy manner.

2.3.2 | Discrete empirical interpolation

The discrete variant of EIM, that is, DEIM was introduced in Reference 6. The main differences of DEIM from
EIM include two aspects. One is the interpolation basis construction: DEIM uses the pre-computed POD basis
of the nonlinear snapshot matrix via SVD, as the interpolation basis, whereas EIM constructs the interpolation
basis iteratively through a greedy algorithm and from the nonlinear snapshots. The other aspect is the inter-
polation indices selection: DEIM selects the interpolation indices by looking at the distance between the cur-
rent interpolation basis vector and its approximation obtained via interpolation using the previous interpolation
basis vectors. However, EIM chooses the interpolation indices based on the distance between the current non-
linear snapshot vector and its approximation obtained via interpolation using the previous interpolation basis
vectors.
Both EIM and DEIM consider the following approximation for the nonlinear term,

J O, p), u) = Uyc(t, p), 4)

where Uy is the matrix of interpolation vectors and c(t, i) is the vector of the time-parameter dependent coefficients. The
interpolation is achieved by choosing a few interpolation indices where the approximation matches the original function,
that is,

PTf(x(t, p), u) = PTUyc(t, p), (5

where P = [eg, ,ep,, ... ,eg,] is a column permutation of the identity matrix, such that the ith column e, , is all zeros
except for the go;-th row where the value is 1. It stores all the interpolation indices g1, ... ,40,. We provide both algorithms
as Algorithms 3 and 4 for the sake of completeness.
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Algorithm 3. Empirical interpolation method (EIM)*

Require: Snapshots of the  nonlinear vector at a set of  parameter samples, F=
[FOeCtr, ) s ), oo f ety pa) s 1), oo o fOECEL ) pin ) - SOtk in) 5 in)] 2= [fs o fin, ] € RVE where ng is
the total number of parameter samples, maximal iteration steps max_iter, tolerance eg;.

Ensure: EIM basis Uy = [{1,(3, ..., {¢], index matrix P = [eg, , e, ..., €, 1.

1: Initialize Uy = [],P=[],m = 1.
2: Select the snapshot that maximizes the norm. ; = arg max ||fi||,the interpolation index is given as the position
lsiﬁK-ns
of the row element of #; with maximal magnitude. [~, pl] = max(|m|), where g1 = [11, 112, ..., ;w1 T . Here, max()
refers to the MATLAB® function.

3: The first interpolation basis vector, {1 = 11 /71,¢, -
4: Update the interpolation matrix Uy « [Uf, 1| , P < [P, e, .
5. while m <max_iterdo
6: m=m+1.
7: Form the m™ EIM interpolation for each snapshot vector in F: I, [fi| = Uy (PTUf)_1 P'f,i=1,....K - n,.
8 Find f* = arg max ||f; — In[fi]||. Determine residual #,, = f* — L, [f*].
lgiﬁK-nS
9: if ||I’]m||< €EI then
10: m=m-—1.
11: stop.
12: end if

13: [~, @m] = max(|nm,|). Set &, = nm/"]m,@m
14: Uf <« [Uf’ é’m] H P « [P’ e@m] :
15: end while

Algorithm 4. Discrete empirical interpolation method (DEIM)®

Require: Snapshots of the nonlinear vector at a set of  parameter samples, F=
[feCtr, ) s p)s oo fO(te, 1) s 1), oo fOECtL, i) o pin)s - o fOX(Ek, Hn))  in,)|, Where ng is as defined in Algorithm 3,
€pPOD-

Ensure: DEIM basis Uy, index matrix P = [eg, , e, ..., €g, ].

1: Initialize Ur = [, P=[].
SVD D 0 )
2. Perform F — USWT, where U := [/, uf 1,2 = [ f ],Df :=dlag(af,af

172 F 0 0 25”"0_2:)-

3 Find Z,st., Y7, - a{ /Xr a{ < €pop, I'r is the number of nonzero singular values in .
4. Select the first interpolation index as the position of the row element with maximal magnitude in the first column of
o — — T
U:gp = argje{{g’e.t.)im |u’;j|, where u{ = [u{l, u{z, ,u{N] .
5. Ur < u{,P « [eg, 1.
6: fori=2to7 do
7 Solve (PTUy)c = PTui , for c.
8: Form the residual, r; = u{ - Uyc.
. - - = [ P 1T
9: ;= argje{{g?(m |r;jl. Here, r; = [rin, T2, ..., Fin ]

0. Uy« [Up i1, P < [Preg,].
11: end for
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2.3.3 | ROM after interpolation

Using either EIM or DEIM, the ROM in Equation (2) can now be evaluated as,

E (uyir(t, u) = Ar(ux(t, ) + VIUR(PTUp) T PTF(VXAE, ), 1) + Br(puc),
Vr(t, ) = Colu)xe(t, o). (6)

Remark 1. The term V7 Uf(PT Uf)‘1 in Equation (6) can be precomputed. In evaluating PTf(Vx.(t, u), u), only a few terms
(say, g1 < N terms) of the nonlinear vector f(Vx,(t, 1), 4) needs to be evaluated, thereby removing the bottleneck in
computing the nonlinear term of the ROM.

Remark 2. Algorithm 2 can be combined with either EIM or DEIM for MOR of nonlinear systems. The interpolation bases
are precomputed before starting the greedy loop. Algorithm 5 illustrates the standard POD-Greedy-(D)EIM algorithm.
Clearly, in Step 1, the nonlinearity needs to be evaluated at all samples of ;4 € E. This involves computing the full-order
solutions for all parameters in the training set.

Algorithm 5. Standard POD-Greedy-(D)EIM3!

Require: Parameter training set E C &, tolerance tol, maximal number of iterations max_iter, snapshot matrix of
the nonlinear vector, F = [f(e(ty, p1), p1), .., fOc(tic, 1) s 1), -, F QL fingy) » i )s - oS OECtR Hngyy) » Hingyy)| > T€CALL
that ny.;y, is the cardinality of the training set =.

Ensure: Basis matrix V.

1: (D)EIM interpolation basis calculated using Algorithms 3 or 4.
2: Call Algorithm 2, where instead of the ROM in (2), the ROM in (6) is simulated at each iteration.

3 | IMPROVED APOSTERIORIOUTPUT ERROR ESTIMATION

Error estimation plays a crucial role in both standard POD-Greedy and the proposed adaptive algorithms. Error estimators
for RBM were mostly proposed based on the weak form of the PDE arising from the finite element discretization.!”-32-33
In Reference 34, an efficient output error estimator was proposed in the discretized vector space, which makes the error
estimator straightforwardly applicable to the already discretized systems. There, the authors propose an a posteriori out-
put error estimator for the ROM in Equation (6). It avoids the accumulation of the residual over time, a phenomenon
often seen in other error estimation approaches,'”333 and therefore is often much sharper than the other error estima-
tors. Moreover, the error estimator is applicable to nonlinear dynamical systems. However, we observed that it is still
possible to further improve the sharpness and computational efficiency of the error estimator from different aspects.
In the following, we briefly review the output error estimation in Reference 34 and propose an improved output error
indicator, as well as a more efficient way of computing the error indicator. For the sake of concise notation, we do
not explicitly show the parameter dependance of the system matrices (E,A,B,C) and vectors x(t, ), f(x(t, u), u), Y(t, ).
The same shall also be followed by the corresponding dual system matrices and vectors that will be introduced
below.

3.1 | Output error estimator from Reference 34
In this subsection, we briefly review the output error estimator in Reference 34. As in Reference 34, we consider systems

with single output, that is, C € R and y is a scalar in Equation (1). We will address the error estimation for multiple
outputs in Equation (4). Consider a semi-implicit scheme for the time integration of Equation (1),

Bt = A% + At f 5 + At Buk,

yk+1 - ka+1.
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It is called the primal system. For a sharp estimation of the output error, the following dual system is needed,
=k
(BN = —CT.

In general, the system matrices may be time-dependent if the time step Aty changes over time, and therefore, they are
associated with the superscript k. If we consider constant time steps for simplicity, that is, Aty = At, then the superscript
k can be removed, and the primal and dual systems can be simplified to

EXM = A + Atf (%) + AtBuF,
yk+1 — ka+1’ (7)

and
ETxdu = —CT. (8)

respectively. Note that the dual system becomes a steady system in the simplified case. For clarity, we use the simplified
case to describe the error estimator, though it is well defined for the general case, too.
Applying the same time integration scheme to the ROM (2) results in,

Er(up ' = A + At (VX)) + AtBu®,
Yy = ¢, 9

It is clear that the time-discrete ROM in Equation (9) is exactly the ROM of the primal system. In Reference 34, a ROM
of the dual system is obtained by Galerkin projection using the same projection matrix V' as for Equation (2), that is,

(VIEV)Txd = —yT T, (10)

The approximate solutions, = VXK1 to the primal system and &g, := Vx% to the dual system, introduce their

residuals, respectively,

rit = A8 + Af () + AtBuk — ES,
Fau = —CT — B %4 11)

Using Equations (7)-(9), the error in the output can be shown to be bounded as
Y =y < I (12)

=—1 IS
Here, ¢**' := p** (JIE” ||[Iaull + [IXqull)- The term

[psadl
o 1 10 )
7o
where
Ftl = AxX* + Al (%) + AtBuk — ES,
= B! — 2, (14)
is an auxiliary residual obtained by replacing £+ in the “right-hand-side” part (A%* + Atf(") + AtBu¥) of et (see

k+1 k+1 _ gk+1

Equation (11)) with the true solution x** . It leads to a relation to the state error x b

Remark 3. Note that the error bound only depends on the residuals at the current time step ;. ; and avoids the error accu-
mulation over time. The detailed explanation and proof of the error estimator can be found in Reference 34. It is proved
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in Reference 34 that, under mild assumptions, p**! is lower and upper bounded. Upon convergence of the POD-Greedy
algorithm, p*+! should tend to be 1. This conclusion will be demonstrated numerically in the section on simulation results.
From Equations (12) and (14), we note that, at each time instance, the true solution x**1! is required for computing

?’Pfjl in the expression of p**1. This can be avoided by approximating p**! with a time-averaged value p obtained as,
1 K
- _ z i

where p' corresponds to ?Ii),, which requires the true solution x' at time instance ¢;. If we take t; as the time instances at
which the snapshots are computed for bases enrichment, then x* are exactly the snapshots, which are available for free.

Furthermore, p is not available for all u. Therefore, when used inside a greedy algorithm, at each iteration, we simply
approximate the value of p with,

PR p(u"),
where p* is the parameter chosen at the current iteration of the POD-Greedy algorithm, so that the snapshots at y* are

available to compute p(u*).

With the approximations in Remark 3, the error bound becomes an error indicator, that is,

P =y s @l =t A, (16)
-  _ . .
where @ :=p (IE [lllraull + 1XaulD-
It can be seen that the error indicator A in Equation (16) consists of two parts:

- — -1
Ay :=B(1E Hraullllrs D,

and

Ay i=pllkaullFE I

The decay rate of A is determined by the two residuals and the decay speed of A, depends on the product of the primal
residual norm and the norm of the approximate dual state ||Xqy,||. We aim to improve the efficiency of the error indicator
by considering each of them. On the one hand, we seek a corrected output so that the second part A, is modified to a
form with faster decay rate. On the other hand, we try to use more suitable methods to obtain smaller ||rq,|| than that in
Reference 34. In this way, both A; and A, could decay faster, which results in sharper error estimation.

3.2 | Modified A; with corrected output
We consider a correction term to the estimated output quantity given as,

—l+1 N
Yoo =yt = Gan) (17)
Similar techniques of output correction can be found in References 36 and 37, which are inherited from error analysis
for finite element discretization.®3° The resulting error estimation based on the correction term in our work differs from
those in References 36 and 37. As far as we can see, the error bound derived in Reference 37 estimates the numerical
discretization error for steady systems, and the error bound in Reference 36 is only applicable to RBM for linear PDEs.

Theorem 1. Given the discrete FOM in Equation (7) and the discrete ROM in Equation (9), assuming E is nonsingular at

allvalues of u, we have the following error bound for the modified output term in Equation (17),

k —k+1 F—1 sk S k =k
W =5 TS NET lraa 7S+ Rau gt = I (18)
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Proof. The error in the modified output can be represented as,

y _i’:‘*l C(xk+1 Ak+l) + (x u)T k+1- (19)
Multiplying (x*+! — £HT on both sides of Equation (8) we get,
(xk+1 —fckH)TETxdu — _(xk+1 _)Ack+1)TCT_ (20)

Transposing the above equation, we obtain,
(raw) TP = —COHT =2, ey

where we have made use of Equation (14). Next, we simply substitute Equation (21) into Equation (19), followed by
addition and subtraction of the term (xdu)T k+1 to obtain,

yk+1 _ylrc+1 — —(xdu)T FRHL (xdu)T k+1
— _(xdu)T k+1 + (xdu)T k+l + (xdu)T ~k+1 (x u)T ~k+1
= —(Xau —xdu)T Pt + (Raw) " (rp ! ~’<+1) (22)

Consider now the dual system residual as given in Equation (11). It can be shown that

~T A
Yau = B (Xqu — Xau),

(au = Faw) = B rau. (23)
Inserting Equation (23) into Equation (22) yields
P =B = —(ra) T BT + o) O - P, 24
From the triangle and Cauchy-Schwarz inequalities, we obtain,

—k+1 —1~ ~
W =37 =1l = ra)"ET B+ Raw) T = P DL

~k k ~k
< NE lraa PS4+ Iaulllirg = P, (25)

In order to remove the quantity [|7, #+1)| from the error bound to avoid computing the true solution, we propose the

following error indicator. Instead of applylng the upper bound rb, := ||r k“ll + ||”k+1|| tonr :=||r, rket ~k+1|| in Equation
(25), we propose to use rb; :=|||r k”ll ||~k+1||| to approximate nr, that is,
st = el & it = 17 -

This is motivated by the fact that, first, applying the upper bound rb, will result in an upper bound (1 + p)||X4u||||7 "+1||

for [|Xaullll7p rkel ~k+1 || in Equation (25), which is even larger than A, in Equation (16). Here we have used the relation in

Equations (13) and (15). Second, we find that

k+1 k+1 k+1

> 1

|rby — nr| < lkl . I pk ) (26)
20l P,

whereas,

rby — nr| < [2+ 21K
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This shows that |rb; — nrl poses a smaller upper bound than b, — nrl, implicating that nr could be better approximated
by rb; than by rb,. Therefore, we have the following error estimation

k —k+1 k k e
=3 S NE a7 o [ Raull 7 = 175
k —1 k. k k
PUET Mraullllrgt I+ 11 = o 1 Raull 75
k -1 k k
= (PMNE raull + 11 = o1 Rau DI

~ GIE llraull + 11 = 21 1%aulDIIT I, 27

where the relation in Equation (13) is used to remove |7, #+1|| from the error estimation. Similarly as for the original error

indicator, p**! is approximated with the mean value p in Equation (15). We then define Y= (,Blle_1 raull + 11 = pllIXaul))
to get the following error indicator:

k 1
=5 S PRI (28)

Note that A, for the error indicator (16) now becomes |1 — p|||Zqull |7 k+1|| in Equation (28). Although [|Xaull||7 k+1||
remains unchanged, the coefficient changes from p to |1 — p|. As has been analyzed in Remark 3, when the POD-Greedy
algorithm converges, p tends to be 1, so that |1 — p| goes to 0, leading to a bound with faster decay rate.

Remark 4. For systems with multiple outputs, we define the dual system as

ETxdu = _C;I"
where C; represents the i row of the output matrix C € RNo*N, For error estimation, we consider |y; — (,);| for each
element i of y. Then we have,
—k+1

_ k+1
o = mf‘.’.‘,NO ™ =0

k+1 _ —k+l
Vel e

Iy il

3.3 | Improving the decay rate of Kl

Recall that the error indicator consists of two parts A; and A,, where A; = p**+1||E~ || lraullllry r®1)|. In Reference 34, ||7qu||
in A, is obtained by reducing the dual system using the projection matrix V for MOR of the primal system, leading to
a slowly decaying ||r4u||. To achieve faster decay, we propose to use more suitable methods to compute the approximate
solution Xg4y to the dual system, according to different problems. The motivation is based on the observation that X4, is
not necessarily computed by reducing the dual system using MOR. Any appropriate method which can give a good X4,
should be applicable.

3.3.1 | Parametric dual system

When the dual system has parameter dependence, instead of using the primal system projection matrix V to reduce the
dual system, we construct the dual RB separately as considered in References 36 and 40. With the dual RB, the dual system
solution can be much better approximated than using the primal RB. Consequently, the computed X4, will give a residual
with smaller norm. Certainly, this will lead to higher computational cost.

3.3.2 | Nonparametric dual system
In case the dual system is nonparametric (this can happen when the matrix E is constant), instead of reducing the dual

system, we can use Krylov-space methods, for example, GMRES, MINRES,** to iteratively solve the linear dual system
and Xq4, is just the approximate solution computed by those methods. While this is done only once, the computational
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cost is similar to computing one snapshot and we do not expect much extra computations. This approach leads to much
smaller ||r4y|| than using the primal RB to reduce the dual system.

3.4 | Efficiently computing the inf-sup constant

In Equations (16), (28), the term ||E_1 || needs to be calculated. In case of matrix spectral norm ||-||,,

1
Omin (E )

IE ™ N2 = omax () =

omin (E) is actually the so-called inf-sup constant commonly used in the RBM. Since the matrix E is parameter-dependent,
it can become expensive to evaluate the smallest singular value for each parameter in the training set Z, as a large-scale
eigenvalue problem needs to be solved for every parameter. Some methods have been proposed to make this computa-
tionally efficient. A first attempt was through the successive constraints method (SCM) and its improvement, proposed
in References 43 and 44. However, SCM often suffers from a very slow convergence.* In this work, we make use of the
radial basis interpolation method proposed in Reference 19. This approach avoids the slow convergence rates as seen from
SCM, while reducing the computational costs drastically.

3.4.1 | Radial basis interpolation for the inf-sup constant

When considering parameter spaces of high dimensions, the radial basis functions are a good candidate for interpolation
basis. To achieve the goal of interpolating the smallest singular values of the matrix E, Vu € E, we start with an initial
coarse training set of points Y C E. The large-scale eigenvalue problem is solved for the parameters in this coarse training
set and a coarse radial basis interpolant is formed, following the procedure outlined in Reference 19. The coarse parameter
set Y is then enriched in a greedy manner. At each step, a new parameter from E is chosen and added to Y in order
to improve the radial basis interpolant. The new parameter is chosen as the one that maximizes a pre-defined criterion
function, € defined over E. The criterion function is such that it promotes adding new points in locations with highly
varying response and ensures positivity of the interpolant. It was originally proposed in Reference 46 and further adapted
in Reference 19 for the purpose of interpolating the smallest singular values. At the end of each iteration, the relative error
(in the £, norm) between the current and the previous interpolations for all parameters in = is computed. This defines
the termination condition. Such an adaptive procedure offsets the need for performing SVD computations on large-scale
matrices at all the parameters in E.

4 | ADAPTIVITY

In this section, we propose an adaptive scheme for automatically generating the RB and the interpolation basis. The
scheme is based on another separation of the error indicator as detailed below.

4.1 | Error estimation by considering interpolation

In practice, while calculating the residual of the primal system, we approximate the nonlinear term using (D)EIM to avoid
the full dimensional computation. Considering this aspect, the residual of the primal system from Equation (11) is now
expressed as

i = AR+ AF ) + ALTIFEO] - ALT[FE)] + AtBuF — ER
= AR + AtT[FEN] + ABuF — ERF + (A GF) = ALT[FEH))).

/

g Vv~
o —pk+1 - —pk
'_rprl : —el
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Here, Z[f(-)] is the interpolation of the function f(-). By considering the separation of rg;rl in the above equation, the
error indicator in Equation (16) or (28) can be split into two contributions—one from approximating the state by RB

vectors (RB error) and the other from approximating the nonlinear term by interpolation ((D)EIM error), that is,

Y =Y S @I+ IAY L (29)
——
ek —k
:=AII:B1 =4y
or
—k+1 o o
=5 S IR+ PIAY L (30)
——
ke —k
Z:A‘;Bl 1=Ag

where A’; is an error indicator for the interpolation error e’§, obtained based on a higher order (D)EIM approx-

imation proposed in References 4,5,16, and 47. In particular, we have, A% :=TI" / I -T)f&"). Here, ¥ := (I -
09U (PYHYT(I — 9HU? )1 (P?)T and 117 := UZ((PY)TU?)"1(P?)T. The pair (U?,P’) corresponds to the (D)EIM basis
and interpolation indices for an order-£ approximation of f' (&%), whereas the pair (U?', P”") corresponds to those for an
order-£’ approximation, where £’ > £. For a detailed treatment, we refer to Reference 47.

_ _ —k+1 —k . . .
For convenience of explanation, we use the same names Agg , A7 for the two parts of either the original error indicator
or the modified one, though we will mainly focus on the modified error indicator in the later analysis.

41.1 | Mean error estimate

Note that the above error indicator measures the output error at each time step, which corresponds to many values. For
the proposed adaptive scheme, we need a single value to measure the actual error. Therefore, we define the mean error
as below,

K K

1 I B R AN

2 2V =T < 2 Y (Aws+ A7) = Ags + A7 =1 A. 31
i=1

i=1

— —i —
Here, i=1,2,...,K indicates the time instances t; where the snapshots are taken, Agg = I%Z{il Agrg and A7 =

% Zfil le. With the mean output error indicator, we are ready to propose the adaptive scheme as below.

4.2 | Adaptively increasing/reducing the number of RB and EI basis vectors

Consider a user defined tolerance tol for the ROM. At every iteration, we check the relative changes of error indicators
Agp and A7 in Equation (31) w.r.t the error tolerance tol, respectively, that is,

A A
=R and L. (32)
tol tol

Itis easy to see that a value in Equation (32) being bigger than 1 implicates the current basis is not accurate enough, and
needs to be extended; otherwise, a value being smaller than 1 means that the current bases are accurate enough, and no
new basis vectors need to be computed. If possible, some old basis vectors could be removed to make the RB/interpolation
basis space as compact as possible. Note that the actual values in Equation (32) could vary from, for example, 10710 to
10'°, In order to decide how many basis vectors need to be added/removed, we use the function log, which maps the
actual values in Equation (32) to some moderate values, typically falling into a subinterval of [— 10,10]. We then use the
rounded log-mapped values as the indicators for basis enriching or shrinking. Let £xg, g1 be the number of basis vectors
in the RB, (D)EIM projection matrices at the current iteration, respectively.
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For the ROM considered in Equation (2), we update the RB, (D)EIM projection matrices at each iteration of the greedy
algorithm based on the following rule,
Aggp
Afgp i==x1+ [log| — ||,

Afg = +1+ {log(%)J ) (33)

Here, KRB, ZI are defined as in Equation (31). Based on the above update, the number of basis vectors for RB, (D)EIM
basis enriching/shrinking is given as

¢rB = CrB + AR,
Cr1 = Cg1 + ACE] (34)

Remark 5. Recall that a one-way definition of A¢rg, A Was proposed in Reference 13, where basis shrinking was
not considered. Finally, the adaptive algorithm must start from a small number of basis vectors to be able to continue.
Whereas, both basis extension and shrinking are covered by Equation (33). The value +1 tries to ensure at least one basis

vector is added (+1)/removed (-1), in case the rounded value p = llog (% )J ord= llog (ETZI)J is zero, but the values

log <%> or log (%) are nonzero (either slightly smaller than zero or slightly larger than zero).

4.21 | Dealing with stagnation in adaptivity

The goal for adaptivity is to add/delete basis vectors to/from the current RB, EI bases so that the ROM meets the given
tolerance while being kept as compact as possible. It is observed that in some cases, the convergence of the adaptive
algorithm becomes slow when the estimated error is close to the tolerance. In such situations, the number of additional
basis vectors to be added/deleted is usually one, resulting in a slow convergence. A second issue is that the error indicator
could keep oscillating (below and above the error tolerance) upon basis enriching/shrinking. To avoid the above phenom-
ena, we propose to define a zone-of-acceptance (zoa) for the output error. In particular, we set a new value ¢* < tol. ¢*
and tol then define a zone-of-acceptance: [e*, tol]. Whenever the estimated error falls into [e¢*, tol], the algorithm will
terminate. We typically take ¢* = 0.1 tol.

4.2.2 | (D)EIM plateaus

Previous works dealing with the simultaneous enrichment of RB and (D)EIM bases have noted the issue of (D)EIM
plateaus. In fact, two different notions of plateauing have been observed and presented in References 5,16,48-50, and 51.
In References 5,50, and 51, the authors note that when the number of basis elements of the EIM approximation is fixed
at some small value, an increase in the number of RB vectors does not result in an improvement in the overall error. This
is a plateauing due to large errors in the EIM approximation. However, in Reference 16, it is observed that EIM plateaus
occur when the error contribution is dominated by the RB approximation error and a further enrichment of the EIM is
useless. This is a plateauing due to large errors in the RB approximation. These observations suggest that simultaneous
enrichment of the RB and the (D)EIM basis is critical to avoid plateaus in general. A solution proposed in Reference 16 is
to monitor an error estimator over the training set, that is, l’flléi%( Z(y), between two successive iterations. If a newly added

RB basis vector leads to an increase in the error, then it is dropped and only the EIM basis is updated. In Reference 51, the
author considers different tolerances for the RB, EIM approximations. However, the proposed algorithm involves some
user-defined constants which makes it less straightforward to implement. From our experience in the numerical tests,
setting different tolerances for the RB and EIM approximation, with tolg; < tolgg proves to give the best approximation.
A similar observation is also noted in Reference 50; however, no simultaneous enrichment is considered there. Still, it is
not entirely clear how small the (D)EIM approximation tolerance has to be when compared to the RB tolerance. In our
numerical experiments, we use tolg; =0.01 X tolgg.
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In the following, we first extend the one-way adaptive algorithm in Reference 13 for nonparametric systems to a
two-way algorithm, then we propose the adaptive POD-Greedy-(D)EIM algorithm for parametric systems.

4.2.3 | Adaptive algorithm for nonparametric systems

In this section, we extend the one-way adaptive scheme in Reference 13 to a two-way process. This means we have the
flexibility of starting our algorithm given any possible number of initial basis vectors. The method is able to suggest the
proper number of basis vectors to be added to or removed from the current basis, and yields a compact and stable ROM,
for the given tolerance. We detail this in Algorithm 6. The constants py,dy in Algorithm 6 act as +1 in Equation (34). See
Remark 5.

Algorithm 6. Adaptive POD-(D)EIM (two-way)

Require: POD, (D)EIM projection basis and interpolation points from Algorithms 1, 4, respectively:

V € RVw, Uy € RNur, Index matrix P = [eg,, . ep,. ... , €, ], initial choice of basis £}, £3,, Tolerance tol, zoa.
Ensure: ROM with updated size (g, 5 -

1 Form V* :=V(:,1: £3p), Uf* = Up(c, 10, P i=P(:, 1: D).
2: Determine the dual system solution X4,, using GMRES.
3: Simulate the ROM constructed using V*, Uj;“, P* and compute the error A := Agg + A7.

4. while A ¢ zoa do
5 Determine p = llog(fﬁ)J,d: {log<%>J.

6: Trivial updates py, dy = +1, in case p or d = 0, to ensure at least one basis vector is added/removed.
7: PODinc = py + p, (D)EIMinc = d + d.
8: Crp = g + PODinc.
9: O = €5 + (D)EIMinc.
10: Ensure f;’;l > fl’;B, for stability reasons.

11: Update projection matrices, V* :=V(:, 1 : £p), U;‘ =Ur(c, 1), PP =P, 1 6.
12: Simulate the updated ROM constructed using V*, Uy, P* and compute the updated error A = App +Ag.
13: end while

Remark 6. In our numerical experiments, we noticed that in some cases, when fEI < z,”l’;B, the ROM is no longer stable.
Therefore, in Step 10 of Algorithm 6, we set the number of EI basis vectors (£},) to be larger than that of the RB basis

vectors (£zp)-

Remark 7. Note that the inputs of Algorithm 6 are the POD and DEIM basis computed by standard algorithms, where
both bases are conservatively computed to guarantee accuracy of the ROM. The adaptive algorithm chooses proper basis
vectors from the POD and DEIM basis, respectively, in order to construct a more compact and stable ROM. One starts
from an initial choice for the POD and DEIM basis combination. Both basis vectors are then iteratively updated, based
on the output error indicator.

4.2.4 | Adaptive algorithm for parametric systems

For standard implementation of the POD-Greedy algorithm combined with interpolation of the nonlinear part, the
(D)EIM basis and interpolation indices are usually pre-computed outside of the greedy loop. This separate basis gener-
ation often leads to a less compact ROM. In addition, (D)EIM needs FOM simulations at all samples in a training set,
which is time consuming especially for problems needing many time steps for one simulation, for example, the batch
chromatographic model presented in Section 5. In Reference 16, POD-Greedy and EIM are implemented such that at each
iteration of the greedy algorithm, a single basis vector is added to the current RBs and the interpolation bases, respec-
tively. The most recent work that addresses this issue can be found in References 14 and 15. As has been discussed in the
introduction, there are major differences between those existing algorithms and our proposed algorithm.
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Algorithm 7 is the proposed adaptive POD-Greedy-(D)EIM algorithm. Algorithms 8 to 10 are the supporting func-
tions needed. The basic idea of Algorithm 7 is that starting from the first selected parameter p*, the RB basis and the
(D)EIM basis are updated simultaneously but not trivially. The number of the RB and (D)EIM basis vectors £rg and ¢'g;
are determined by Equation (34), and updated in the subroutine Adapt basis update. The RB matrix V is updated
in Step 5 (or Step 9) of Algorithm 7, where instead of using £z = 1 as in the standard case, £yg is adaptively computed
by Adapt basis update. The interpolation basis matrix Ug; is updated by the subroutine Update EI, which essen-
tially implements the interpolation algorithm DEIM or EIM. The dual system is also reduced by the RBM implemented
in the subroutine Update_Vg,. It is clear that FOM simulations are only needed for those selected parameters y*, not
for all parameters in the training set E. Algorithm 10 determines the number of RB and (D)EIM basis vectors (£rg,¢ k1),
that will be added/removed at each iteration.

Algorithm 7. Adaptive POD-Greedy-(D)EIM

Require: Parameter training set 2 C &, Tolerance tol, epop (Or €gy).
Ensure: RB Basis V € R¥*“zs, (D)EIM basis and interpolation points Ugy, Pg; € RN*er,
1: In case of nonparametric dual system, precompute the approximate solution to the dual system (X4, ), using GMRES.
2: Initialize, V =[], Vagu =[], Ug1 = [ ], Pe1 = [ ], £r = 1, €1 = 1. Initial y*: a random parameter from E.
3. while A(y*) ¢ zoa do
4: if /xg < 0 then

5: Remove the last #gg columns from V.
6: else
7: Compute FOM at ¢* and obtain snapshots, X = [x(t1, u*), x(t, u*), ..., x(tg, u™)].
8 Update the projection matrix. X :=X - Proj,(X) i\g UZWT, V is the subspace spanned by the columns of V.
9: V « orth{V, U(:,1 : £rp)}.
10: end if
11: Update ET.
12: Update Vay, in case of parametric dual system.
13: u* i=arg I’Illea:X Ap).

14: Adapt basis update.
15: end while

Algorithm 8. Update EI

Require: Snapshots of the nonlinear vector at all parameters so far selected by the greedy algorithm,
F = [fCe(ty, p), w), fO(t2, ), ), ... .f(x(tg, w), p)| for all selected , g1, epop (O €gr).
Ensure: (D)EIM basis and interpolation points Ugj, Pg;.
1: max_iter = £ for Algorithm 3 or set £ = g in Step 6 of Algorithm 4 and ignore Step 3.
2: Call [UEI, PEI] = EIM(F, max_iter, €EI) OI'[UEI, PEI] = DEIM(F, €POD).

Algorithm 9. Update Vg,

Require: Vy,, M;u, tol.
Ensure: Updated dual projection matrix Vy,.
1 if Agy(u},) > tol then

2: Solve full order dual system for chosen parameter My and obtain Xau(py,)-
3: Update Vyy, Vdu_:z orth{Vau,Xau(uy, )}
4 Wy, =arg max Agu(p).

5; end if
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Algorithm 10. Adapt basis update

Require: Igg, lp;, Arp(p*), Az(u*), tol.
Ensure: Updated £gg, 5.
llog <ARB(ﬂ ))J d llog ( (1" ))J .
In case p = 0 or d = 0, enforce tr1v1al update, po = +1 or dyp = +1.
£rB = Ppo + P-
Cp1 = Cr1+do +d.
Ensure Zg; > (rank(V) + £gg), for stability reasons.

=

Remark 8. orth{V,U(: ,1:/rp)} in Step 9 of Algorithm 7 is an orthogonalization step for the updated RB matrix V.
Using a modified Gram-Schmidt (MGS) procedure is recommended, where the last p columns in V represent the most
recently added basis vectors in the previous iteration. In case of Iz <0, it allows direct removal of p columns from V,
without influencing the previous basis vectors. The most recent computed basis vectors should be removed, if the error
indicator indicates basis shrinking. This is easy to understand, since the error indicator monitors the error of the current
ROM when new basis vectors are added to the basis space. Ifit is already smaller than the tolerance, it means those newly
added basis vectors are not necessary and can be removed.

Remark 9. In practice, we can make use of separate tolerances for the RB, (D)EIM error in Algorithm 10, that is, Step
1 can be modified as, p = llog (ARB(” ) )J llog < L )>J The tolerance for (D)EIM approximation is usually set a

EI

little lower than that for the RB approximation. This follovvs from the observation that the nonlinear vector needs to be
sufficiently well-approximated to enable a good state approximation.

5 | NUMERICAL RESULTS

In this section, we test the proposed adaptive algorithm on three examples. All the examples we consider can be repre-
sented in the general form of Equation (1). We use the same nonparametric model as in Reference 13 to test the extended
two-way adaptive Algorithm 6. Algorithm 7 is tested for the other two parametric models.

5.1 | A nonparametric example

The model FBC is from the field of chemical engineering. Enantiomers are molecules that have the same physical, chemi-
cal properties but occur as mirror images of one another. Due to their similar properties, separation of the two components
is not easily achieved using simple techniques, but requires sophisticated methods such as adsorption, crystallization,
and so on. For a more in-depth treatment, the reader is referred to Reference 52. Figure 1 shows an FBC, which is a long
cylindrical column, with the walls tapering inwards as one approaches the bottom. The chemical mixture that has the
two enantiomers dissolved in it (called racemate) is injected from the bottom. Some seed crystals need to be introduced
into the crystallizer before it begins operation. Seed crystals are essentially the pure crystals of the enantiomer we want
to isolate. The seeds are necessary for triggering the precipitation of the crystals in the racemate. During its operation,
the smaller crystals move to the top of the crystallizer along with the fluid flow. Bigger crystals sink to the bottom from
where they are collected and sent to a crushing device (such as an ultrasonic attentuator) to be crushed to an appropriate
size and reintroduced as seed crystals. The crystallization process is governed by a set of conservation formulas, called
the population balance equations which are PDEs. The PDE governing the FBC is given as:

Ac(x)% = ——(Ac(x)vp(x L. Hn(x, L, 1) +Da ( c(x)—) —Ac(x)Gg—Z
, S nidl )
+ Vs nus(L)m —n(x, L, t) | o(x — xys), (35)
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fines FIGURE 1 Model of the Fluidized bed crystallizer'
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. TABLE 1 Simulation data for the FBC
Interpolation N [0,T] (s) tolerance €poD tmulation data for the
DEIM 18400 [0, 500] 104 10710

where

« x denotes the spatial coordinate, L denotes the particle size coordinate,

« A/(-)is the area of cross-section, n is the number size density, that is, the number of particles per volume of size L at
coordinate x at time ¢,

* v, is the plug flow velocity,

« Dis the dispersion constant, G is the crystal growth factor,

o Vs is the volume flow to/from the attenuator,

« nys(L) is a constant describing the distribution of the crystals coming from the attenuator.

Equation (35) can be discretized and rewritten into a form as in Equation (7). Table 1 gives the model parameters
that we consider for the full order simulation. After discretization in space using the finite volume method, the original
system is of size N =18400. For the time variable, we consider a semi-implicit Euler discretization. We use Algorithm 6,
where DEIM is used to compute the interpolation basis. The tolerance for the ROM is set as tol =107*. The model of
the crystallizer involves a very long time to reach a cyclic state, usually 5000 seconds. However, for snapshot generation,
we need only the transient portion and the first cycle of the steady state since the latter cycles behave very similarly.
As a result, we only need to simulate the FOM till 500 seconds for snapshot generation. Algorithm 6 has been used to
implement the two-way adaptivity scheme. We make use of GMRES to solve the associated dual system. It is implemented
via the MATLAB® function gmres. Moreover, we use the incomplete LU (ILU) factorization with a drop tolerance of 10~3
as a preconditioner. The GMRES tolerance is set to be 107°.

To test Algorithm 6, we consider two cases. We denote the first case as INCREASE. It involves starting from a small
initial choice of RB and DEIM basis dimension, and iteratively adding new basis vectors to both. In the second case,
denoted as DECREASE, we initialize Algorithm 6 with a larger number of initial basis vectors and adaptively remove basis
vectors, till the ROM reaches the defined tolerance band zoa. Figure 2A shows the adaptive generation of POD and DEIM
basis starting from small initial numbers of (¢rg,¢’51) = (3,8). The error indicator is below the tolerance after 9 iterations,
showing that Algorithm 6 terminates. The adaptive process results in a final ROM of (£rg,¢r1) = (16,20) basis vectors. For
the ROM without adaptivity, we set the SVD tolerance epop = 1071° in Algorithms 1 and 4 in order to obtain a ROM below
the error tolerance tol = 10~*. This results in a ROM with (¢xg,¢g1) = (60,61). Moreover, simply using the Standard POD
algorithm and setting epop = 107* in Algorithm 1 does not guarantee that the output error of the ROM is also below the
tolerance tol =107,
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In Figure 3, we show the error landscape obtained by plotting the logarithm of the mean error (A) corresponding to
different combinations of (£gg,Zg1). On the landscape, we mark the trajectory of A adaptively selected by Algorithm 6.
We can see that, for several combinations of (£rg,Zr1) not present in the adaptive trajectory, the resulting ROMs were
unstable. For ease of visualization, the mean error of those (¢rg,£rr) combinations resulting in unstable ROMs were set
to be 1 in the log-scale. The figure clearly illustrates how the algorithm converges to the minimum in the landscape, while
avoiding the combinations resulting in instabilities. Furthermore, one can identify the plateaus in the error, whenever
the RB approximation is too poor. An additional observation deserving attention is that the instabilities mainly occur at
(lxﬂRB,fEI) combinations with £g; < £Rrp.

For a pair of big initial values: (£rg,? 1) = (31,39), the iterations of Algorithm 6 are shown in Figure 4A. In the begin-
ning, the error indicator is below 107, indicating that the ROM is very accurate and there is possibility to further reduce
the size of the ROM. After 7 iterations, the RB vectors from POD as well as the DEIM basis vectors are adaptively adjusted
to (¢re,¢E1) =(17,28). These results have been summarised in Table 2. In Figures 2A and 4A, the true error is the mean
error defined by the left hand side of Equation (31) and the corresponding error indicator is defined by the right hand
side of the same inequality. In Figures 2B and 4B, we compare the effectivities of the original and the modified error indi-
cators. On the one hand, both error indicators show good effectivities and are relatively sharp. On the other hand, the
modified error indicator clearly outperforms the original indicator, especially in the final step of the algorithm. Figure 5
shows the error landscape for the DECREASE case. Once again, one can see how Algorithm 6 avoids unstable RB, DEIM
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basis vector combinations and converges to a compact ROM. Finally, Figures 6A,B compare the modified error indicator
for the final ROM over all time steps tx, with the true error, in the increasing and decreasing cases, respectively. Figure 6A
not only shows the sharpness of the modified error indicator, especially for the cyclic state in the time interval [200,500]s,
but also verifies the reliability of the error indicator.

5.2 | Parametric example

We consider two examples of parametric systems. The first is the viscous Burgers’ equation and the second is a chemical

process called batch chromatography. The former is an example with a parametric dual system while the latter has a
nonparametric dual system.

Burgers’ equation

We test the proposed Adaptive POD-(D)EIM-Greedy algorithm on the one-dimensional viscous Burgers’ equation defined
in the domain ¢ € Q := [0, 1]. The parameter that varies is the viscosity. The equation and initial boundary conditions
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TABLE 2 Simulation results for the FBC example Initial Final
Process ?RrB CEr ?RB (258 Iterations
INCREASE 3 8 16 20 9
DECREASE 31 39 17 28 7
TABLE 3 Simulation parameters for the Burgers’ equation
Interpolation N [0,T7] (s) Parameter training set (£) tolerance €EI
EIM 500 [0,2] 100 log-uniformly distributed samples 1073 10710
in [0.0005,1]
are given as
ow +Waw = yazw +5(o, t)
ot do do? T
w(c,0) =0,
ow(l,t
@0 _ (36)
do

where w := w(c, t) € RN is the state variable. s(o, t) is the source/input term, u is the viscosity. The output is taken at
the last spatial point in the domain: y =w(1,t). We consider s(c, t) = 1. The initial condition is defined as w(s,0) := 0.
The simulation parameters are listed in Table 3. A training set, E is formed by 100 log-uniformly distributed samples
in the parameter domain & :=[0.0005 ,1]. The model has N =500 equations after discretization in space. We employ
the central difference scheme for both the diffusion and convection terms. A semi-implicit Euler method is used to dis-
cretize the time variable. We make use of EIM to treat the nonlinear term. We set eg; to be 10710 in Algorithm 7. A time
step of At = 4 - 107* was used, with the snapshots collected every 10" time step. In Figure 7, we compare the Standard
POD-Greedy-(D)EIM with the proposed Adaptive POD-Greedy-(D)EIM algorithm. It can be seen that using the latter
leads to a much quicker convergence of the greedy loop: 10 iterations as compared with 16 iterations that the standard
greedy algorithm needs. We show the convergence of the modified error indicator and the true error for both algo-
rithms. In Figures 7 and 11, the maximal errors are defined over all the parameters in the training set E. In particular,
Amax = rf}ég( A(u), where A(y) is defined in (31). The maximal true error is defined as: n}}g%;% Zfi LIyt _yl;' [, where t;,

withi=1,2, ... K, are the time instances where the snapshots are taken. The improved convergence of Algorithm 7 is a
direct consequence of enriching the basis in an adaptive manner.
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In Figure 8A, we plot the successive increments of the RB, EIM basis vectors. Starting from a value of 1 for each,
we can see that the biggest jumps are at the first few steps when the output error is estimated to be large. Subsequent
steps moderate the number of basis vectors to be added, as the algorithm converges. We end up with a final value of
(¢rB,ZE1) = (14,40) for the RB, EIM basis respectively. As for the standard implementation, where the EIM basis is pre-
computed outside the greedy loop, the resulting ROM has dimension (¢rg,¢ ) = (16,154). Thus, our proposed algorithm
not only produces a ROM that meets a certain tolerance but also leads to a more compact ROM.

In Table 4(a), we show the runtime taken for the adaptive and nonadaptive greedy algorithms till convergence. The
adaptive algorithm needs much less time. The reduced runtime of the adaptive approach is mainly contributed by the
reduced number of FOM simulations. For the inf-sup constant (the smallest singular value of the system matrix), we
apply radial basis function interpolation. From Table 4(b), it is clear that the RBF approach is much faster as compared to
using SVD to determine the smallest singular value of the system matrix. One can imagine, the savings in time would be
much more significant for large-scale systems with N > 500. Figure 9A shows the output y(t, 1) of the FOM and y,(t, 1)
of the ROM at 4 = 5. 10~*. The ROM solution is nearly indistinguishable from the FOM solution. Finally, in Figure 9B,
we plot the number of RB, EIM basis vectors as a function of the iteration number. Note that, both RB, EIM basis start
with just one basis vector at the first iteration.

Batch chromatography model

The last example is from batch chromatography, a process used to separate components of a mixture. We give the
schematic of the process in Figure 10. The mixture containing two components that need to be separated is periodically
injected at one end of the column. In the column, a static bed of a substance called the stationary phase is present. The
injected mixture has to pass through this stationary phase. Batch chromatography relies on the phenomenon of adsorp-
tion. The components that need to be separated have different adsorption affinities toward the stationary phase and hence
tend to move through the column with varying velocities. The separated components are then collected at the end of the
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TABLE 4 Runti ison for the B ’ ti
untime comparison for the Burgers’ equation )G T T e

Method Runtime (s)
Adaptive 606
Nonadaptive 933

(b) Inf-sup constant computed over training set

Method Runtime (s)
SVD 3.7
RBF 0.4
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FIGURE 10 The schematic of a batch chromatographic
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column. The time of collecting the two components of the original mixture is determined based on the required purity
specifications. The dynamic equations for the process can be given as,

dc;, 1—edq,  Oc; 1 0%

ot e ot  o0x Peox?’
dq; L eq
e — 37
o Q/eA, K7(q, qz), 37

where

* ¢;,q, are the concentrations of the two components (z=a,b) to be separated, in the solid and the liquid phase,
respectively,

« ¢ is the column porosity, Pe is the Peclet number, L is the length of the column, Q is the volumetric feed flow rate, A,
is the cross-section area, and k; is the mass transfer coefficient,
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TABLE 5 Simulation
parameters for the batch
DEIM 1000 60 samples uniformly distributed 1074 10710 chromatography equation

Interpolation N Parameter training set =& tolerance €pPOD

in [0.0667,0.1667] x [0.5,2.0]

« g, is the adsorption equilibrium and it is the nonlinear term in the equation. It can be given as,

eq _ Hnce, Hzpe,
z

—_— + b
1+ Kaichea +Kndyer 1+ Kaadyca + Kinclp

« H,,H, are Henry’s constants, K;,K,, are thermodynamic coefficients, and c’; is the feed concentration of each
component (z=a,b).

The PDE defining the batch chromatographic process is discretized using the finite volume method in space and a
Crank-Nicolson scheme in time. Thus we have

EH = Ak + df — L€ am,
€

gl = gk + Athf. (38)

Here, E,A are both nonparametric tri-diagonal matrices. The injection time ¢;, € [0.5,2.0] and the volumetric feed flow
rate Q € [0.0667,0.1667] are the two parameters of interest. d* depends on t;,. In particular,

df = di1,0,0, ... ,0)7,

k. _ At At k k :
where d; := AxPe (Mx + ooas ) x(£9). The term y(t*) can be given as

7 =1 if *e[0,t,], else 0.

h¥ just corresponds to the right hand side of the second equation in Equation (37), showing its dependency on Q. Addition-
ally, we note that for this example, we use the adaptive snapshot selection (AdSS) technique>? to reduce the computational
cost of SVD inside the DEIM algorithm and the greedy loop.

Adaptive snapshot selection

For models where the number of time steps is large, it is often cumbersome to perform the SVD on such a large snapshot
matrix. AdSS serves as a pre-treatment step to avoid this difficulty. It is essentially an algorithm to determine the linear
dependency of successive vectors in the snapshot matrix. The angle between a new vector and the last selected vector is
evaluated. If it falls below a tolerance it means that the new vector is almost linearly dependent on the last selected vector
and thus can be discarded. For more details on this approach, the reader is referred to Reference 54. Finally, a much
thinner snapshot matrix is obtained, reducing the costs of SVD in either the DEIM or the POD-Greedy algorithm.

The parameters used for the simulations are shown in Table 5. The system dimension is N =1000, where the finite
volume method is used for space discretization. The Lax-Friedrichs flux is used for the convection term, while a central
difference scheme is applied for the diffusion term. For details, we refer to Reference 54. A semi-implicit discretization
is considered here for the time variable. We take 60 uniformly distributed parameters u := (Q, t;;,) from the parameter
domain. The simulation time varies depending on the choice of Q. This is due to the fact that the volumetric feed flow (Q)
determines the speed of flow of the components through the column. This speed in turn determines the time for which
the model needs to be simulated per switching cycle. The tolerance for the ROM error is set as 1074, Since EIM is used
for Burger’s equation, for this example, we use DEIM as the interpolation method, to show the flexibility of the adaptive
algorithm. We set epop to be 10710,
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The dual system is a linear algebraic system without parameters; therefore, we propose to use the Krylov method
GMRES (with the same configurations as done for the FBC example in Section 5.1) to compute the approximate solution
to the dual system. The results are to be compared with the one obtained using the primal RB to reduce the dual system.

As for the Burgers’ equation, for the batch chromatography example, we show the convergence of the modified error
indicator and the corresponding true error, taken as the maximum over all parameters in =, for each iteration. As can be
seen in Figure 11, the proposed adaptive POD-Greedy-(D)EIM algorithm results in a quicker convergence as compared
to the standard POD-Greedy. The standard POD-Greedy results in a ROM of size (£rp,¢51) = (47,109) in 47 iterations,
whereas the proposed adaptive POD-Greedy method leads to a ROM of size (¢rp,¢ r1) = (46,50) in 29 iterations. Figure 12A
shows the number of RB, DEIM basis vectors as a function of the iteration number, while Figure 12B shows the adaptive
increase of the RB, DEIM basis vectors. Similar to the Burgers’ equation, the largest jumps are in the first few steps
when the error is large. In Figure 13A, we compare the effectivities of the original and the modified error indicators. The
modified indicator offers more efficient results. This is due to the combination of two facts,

« the use of GMRES for solving the dual system leads to a faster decay of the dual residual norm.

« the second term of the modified error indicator is multiplied by the term 1 — . In Figure 14A, we can see that p tends
to one as the iteration proceeds.

In Figure 13B, we compare the effectivities of the modified error indicator in two cases: in one case, we use the primal
RB to reduce the dual system and get the approximate dual solution (X4,) from the reduced dual system; while in the
other case, we use the GMRES method to solve the dual system. It is clear that the case of using GMRES results in a smaller
effectivity. This is due to the fact that the residual of the dual system is very small when using a Krylov space method to
solve the dual system. In Figure 14B, we compare the effectivity of the original error indicator with the modified error
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. TABLE 6 Runtime comparison for the batch chromatography example

Method Runtime (s) P graphy P
Adaptive 7140

Nonadaptive 11260

indicator, for estimating the final ROM at the final iteration of Algorithm 7. This shows that the modified error indicator
is much sharper for the final ROM. Finally, it can be seen from Table 6 that the proposed adaptive approach is able to find
a more compact ROM in a much shorter time.

6 | CONCLUSIONS

In this work, we propose an adaptive scheme to generate the RB and (D)EIM basis. A good balance between the approxi-
mations of the state and the nonlinear term is achieved, while obtaining a ROM of desired tolerance. Whenever necessary,
the proposed scheme adaptively adds new basis vectors to, or removes redundant basis vectors from the existing RB,
(D)EIM projection matrices, in order to obtain a compact ROM. Expensive FOM simulations at all samples of the training
set is avoided. The adaptive scheme is driven by a suitable a posteriori error indicator, which makes use of an appropriate
dual system solver. We have tested the adaptive approach on several examples from applications. The method is shown
to work successfully for both nonparametric and parametric systems. The adaptive POD-Greedy-(D)EIM scheme is able
to deliver a ROM with much fewer iterations when compared to the standard approach. Also, we demonstrated that the
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proposed modified error indicator offers a better effectivity when compared to a similar indicator. The current error indi-
cator is based on a semi-implicit time discretization. Future work would be to derive an error indicator for implicit time
integration schemes involving nonlinear solvers, such as the Newton method.
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