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expensive for applications relying on repeated evaluations, such as control, optimization,
and uncertainty quantification. Proper Orthogonal Decomposition (POD) is a powerful
Reduced Order Modelling (ROM) technique developed to reduce the computational burden
of high fidelity models. In cases where the model is inaccessible, POD can be used in a

Ilffﬁ,'f,v:r"g;thogonal Decomposition nonintrusive manner. The accuracy and efficiency of the nonintrusive reduced model are
Reduced order modelling highly dependent on the sampling scheme, especially for high dimensional problems.

Adaptive sparse grids To that end, we study integrating the locally adaptive sparse grids with the POD method to
Locally adaptive develop a novel nonintrusive POD-based reduced order model. In our proposed approach,

the locally adaptive sparse grid is used to adaptively control the sampling scheme for
the POD snapshots, and the hierarchical interpolant is used as a surrogate model for the
POD coefficients. An approach to efficiently update the surpluses of the sparse grids with
each POD snapshots update is also introduced. The robustness and efficiency of the locally
adaptive algorithm are increased by introducing a greediness parameter, and a strategy to
validate the reduced model after convergence. The proposed validation algorithm can also
enrich the reduced model around regions of detected discrepancies. Three numerical test
cases are presented to demonstrate the potential of the proposed POD-Adaptive algorithm.
The first is a nuclear reactor point kinetics, the second is a general diffusion problem, and
the last is a variation of the analytical Morris function. The results show that the developed
algorithm reduced the number of model evaluations compared to the classical sparse grid
approach. The built reduced models captured the dynamics of the reference systems with
the desired tolerances. The non-intrusiveness and simplicity of the method provide great
potential for a wide range of practical large scale applications.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Complex systems are described by interactions of multi-physics phenomena that occur at various scales. Capturing such
inter-disciplinary interactions requires building complex coupled models. Nuclear reactors, for example, are described by
interactions of radiation transport, heat transfer, and fluid dynamics. High fidelity simulation tools are often used to provide
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a solution for such coupled problems. Nevertheless, even with the increasing power of today’s supercomputers, high fidelity
models require a tremendous amount of computational time and memory allocation. For applications such as design opti-
mization, uncertainty quantification, and control, where many repeated model evaluations are needed, such models are too
expensive.

Reduced Order Modelling (ROM) is an effective technique to reduce the dimensionality of large-scale complex systems.
It replaces the high fidelity model with a low-dimensional efficient model preserving only the prominent dynamics of the
system. The reduced model can then be used to provide fast solutions with a controlled level of accuracy. Different reduced
order modelling techniques have been proposed in literature. Benner et al. (2015) [1] presented a comprehensive survey on
ROM with numerous examples on their applications. Proper Orthogonal Decomposition (POD) is the favoured method for
nonlinear systems [2]. POD was first introduced as a statistical technique to extract dominant characteristics from a set of
data. As a reduced order method, the method was later developed by Lumley (1967) [3] to model coherent structures in
turbulent flows.

The POD method is based on sampling the high fidelity model at several points in parameter space to construct a
so-called snapshot matrix. Then, a reduced basis is created through Singular Value Decomposition (SVD). The original high
fidelity model can then be projected onto the created reduced basis space by means of a Galerkin projection. The snapshot
matrix and the model are built during the offline phase, which is executed only once. Afterwards, during the online phase,
the reduced model can be run inexpensively at any desired parameter point. POD-Galerkin has been studied extensively
in many fields, such as in fluid dynamics to model compressible flows [4-6] and incompressible flows [7-9]. In reactor
physics applications, POD was applied to the eigenvalue problem of the diffusion equation [10], the time-dependent diffusion
equation [11], and to model the coolant pool of the Lead-cooled Fast Reactor [12]. A variant of this approach called the
Reduced Basis method [13-15] was developed by adding an a posteriori error estimator and a greedy sampling scheme to
model parametrized partial differential equations.

Projection-based POD methods are code intrusive, which is a major limitation. For legacy codes where access to the
governing equations is unattainable, this approach cannot be applied. In such cases, a slightly different nonintrusive POD
technique can be employed. The idea is to benefit from the orthogonality of the subspace basis to generate the Galerkin
expansion coefficients at the sampled points. Then, a surrogate model can be constructed to compute the solution at any
required non-sampled point. Different surrogate models have been suggested to compute the expansion coefficients. For
lower dimensional problems, direct interpolation or splines can be used [16]. Problems with higher dimensionality require
more advanced techniques. The use of Radial Basis Function (RBF) is one of the common methods for such problems [2,17].
Hesthaven and Ubbiali (2018) [18] used neural networks to build a surrogate model for the coefficients. Gaussian regression
can also be used to build the surrogate model [19].

For the ROM to produce an accurate representation of the original model, the snapshots need to capture the entire
dynamics of the original model within the desired range. Consequently, the choice of the sampling scheme directly affects
the accuracy of the POD method. Moreover, in the nonintrusive approach, the sampling points should be dense enough
for the surrogate model to reproduce a reliable solution at non-sampled locations. Thus, the sampling strategy becomes
even more relevant for nonintrusive methods. In addition, problems parametrized on high dimensional spaces are prone to
the curse of dimensionality, that is the exponential increase of the computational time with the increase in the number
of dimensions. In these cases, the efficient selection of the sampling points is crucial for any practical application. Latin
Hypercube Sampling (LHS) can be an efficient way to address this issue [20]. However, the lack of adaptivity is a limitation
in nonlinear cases. Guenot et al. (2013) [21] proposed an extension of LHS that improves the initial snapshot matrix by
adaptively selecting new points based on the “influence” of the new point on the snapshot matrix.

A different sampling method based on sparse grids can also be applied. Sparse grids were first introduced by
Smolyak (1963) [22] and, ever since, have been used to cope with high dimensional multivariate integration and inter-
polation problems. The method builds a hierarchical grid that preserves the properties for the unidimensional rule by a
specific combination of the tensorized product [23]. In the context of reduced order models, Peherstorfer (2013) [24] sug-
gested the use of sparse grids as a machine learning tool for reduced order models, which was tested on heat transfer
problems. In addition, Xiao et al. (2015) [25] presented a method of propagating the expansion coefficients through time
with the use of a sparse grid interpolant, which was demonstrated on the Navier-Stokes equations. Elman et al. (2011) [26]
suggested the use of Reduced Basis method to further reduce the computational burden of stochastic collocation methods
based on sparse grids.

Sparse grids were developed under the assumption that the function to be approximated is sufficiently smooth. In this
case, the algorithm provides optimal selection of subspaces contributing to the interpolant function. However, in many
applications, the smoothness of the function is unknown and cannot be established a priori. To that end, adaptive strategies
can be employed to modify the classical sparse grids algorithm. In cases where the multivariate function is only sensitive to
certain dimensions, the anisotropic sparse grid approach is suitable. In this strategy, which is also called (global) adaptive
sparse grids, the grid is constructed by placing more points along certain dimensions that have higher importance. The
importance of each dimension is identified during the construction stage by testing and comparing all dimensions [27].
Chen and Quarteroni (2015) [28] combined the anisotropic adaptive sparse grid with the reduced basis method for error
estimation.

However, the dimension adaptive approach falls short of identifying regions with steep gradients or discontinuities. For
these cases, an alternative local adaptive strategy can be more effective. In fact, one of the earliest work on sparse grids



F. Alsayyari et al. / Journal of Computational Physics 399 (2019) 108912 3

by Zenger (1990) [29] suggested the use of local adaptivity for non-smooth functions. The objective of this strategy is to
identify certain regions of higher importance and only refine the grid within these regions by benefiting from the hierar-
chical structure of the grids [30]. Griebel (1998) [31] showed how locally adaptive sparse grids can be used to adaptively
discretize partial differential equation. In this implementation, Dirichlet boundary condition is assumed, and the unidimen-
sional rule is chosen to not place any points along the boundaries. Pflueger (2010) [32] extended this idea by modifying
the basis functions in a way that extrapolates towards the boundaries. The author used this algorithm for classification
problems. This approach is suitable if the value at the boundaries is not important and only an estimate is required. Ma and
Zabaras (2009) [33] used a unidimensional rule that places points at the boundaries for an adaptive collocation method.
The authors then used the algorithm with an Anchored-ANOVA approach to model stochastic processes [34]. Applications of
the locally adaptive sparse grids can also be seen in tracking function discontinuities in high dimensional spaces [35], high
dimensional integrations [36], and economic modelling [37].

In this paper, our goal is to exploit the hierarchical nature of the adaptive sparse grids in order to efficiently build a
POD-based reduced order model in a nonintrusive manner. We present an approach to utilize the local adaptivity in order to
identify regions of high importance for the POD development. In our nonintrusive approach, no assumption is made on the
value of the model at the boundaries of the parameter domain. Therefore, we follow the work by Ma and Zabaras (2009) [33]
in defining the unidimensional rule for the adaptive sparse grids. We also introduce an approach to iteratively update the
surpluses of the sparse grids as the POD modes develop. We suggest a criterion for the refinement strategy based on the
physical space rather than the surpluses of the sparse grids. We also extend the locally adaptive algorithm by introducing
a parameter that controls the greediness of the algorithm in generating the snapshots. Additionally, a strategy to validate
and update the reduced model is proposed, which increases the robustness of the algorithm. Although the nonintrusive
approach is considered in this paper, the proposed algorithm can equally be combined with a Galerkin-POD approach.

The remainder of this paper is organized as follows: in Section 2 the problem is formulated and the POD method is
introduced. Section 3 presents the sparse grids as an interpolation technique by first introducing the classical sparse grids
and subsequently the locally adaptive version. In this section, the refinement strategy and the proposed validation algorithm
are also presented. The combined POD-Adaptive algorithm is presented in Section 4 along with the method of updating the
surpluses. Three applications are presented in Section 5 that test the proposed algorithm numerically. The first is a neutron
point kinetics problem in 5 dimensions presented in two cases: one is strongly nonlinear and the second case is weakly
nonlinear. The second application is a general diffusion problem in 18 dimensions, and the last application is an analytical
function of 20 dimensions. Finally, our conclusions are discussed in Section 6.

2. Proper Orthogonal Decomposition

Physical phenomena are modelled by capturing the dynamics of the system in a set of governing equations. These
equations can then be solved numerically by some discretization technique. The solution of the discretized model results
in the state (or field) vector describing the state of the system, which in turn is a function of some design parameters that
characterise features of the system (geometry, materials,....etc.). The discretized model can be written in the form

R(y(x),x) =0, (1)

where y € R" is a vector with n state variables, and x € R? is a vector of the design parameters with dimension d. For high
fidelity models, the dimension of the state vector (n) is usually large, which renders solving the model to be computationally
expensive. ROM aims at recasting the high fidelity model into a simpler model with dimension r < n. The model can then
be solved with reduced computational effort. The POD method approximates the state vector in terms of basis vectors (in a
discrete analogy to Fourier expansion) as

;
V)~ ) cp(Xuy, )
h=1
where ¢y is the amplitude of the basis vector uy. The POD basis vectors (also called POD modes) are data-driven, that is
they are built based on data collected from the model to describe the state vector. The amplitude cp is a function of the
design parameter X.
The POD method is based on sampling the model at different design parameter values. Each state solution is a snapshot
of the model at a certain parameter value. The snapshots are collected in the snapshot matrix

M=[y(x1),y(X2),....y(Xp)] €R"P, (3)

where p is the number of sampling points. The goal of the POD method is to find the optimal basis vectors in some subspace
V of dimension r << n that minimizes the error of the approximation in the L, norm. Once the basis vectors are known,
the amplitude c,(X) can be computed either intrusively, by projecting the governing equations, or non-intrusively using re-
gression methods. Our approach is non-intrusive, and therefore the model can be considered as a black box, mapping a given
input to the desired output. We can write a functional minimizing the approximation error in the L, norm as follows [38]:
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The basis vectors are chosen such that they are orthonormal (i.e., < ug, u; >=8g). The POD basis solves the minimiza-
tion problem in Equation (4). They can be obtained with the Singular Value Decomposition (SVD) as the left singular vectors
of the snapshot matrix [2]. Using orthogonality of the modes, the value of the amplitude cj(x) at parameter value X; can
be computed as

Ch(Xj) =< up, y(X;) > . (5)

If the number of non-zero singular values is g, it can be shown that the rank of the snapshot matrix is also g. The POD
basis vectors are formed by the first r left singular vectors (where r < g). If r is chosen to be strictly less than g, a POD
truncation error can be quantified using the singular values (o) as follows:

2
— ZZ:T‘-&-] Ok
k107

To set a criterion for selecting the number of POD modes (r), a cut-off threshold (1) can be defined such that

(6)

ér

er<yu Vrell,...nl. (7)

Note that the truncation error only quantifies the error in representing the state solutions included in the snapshot matrix.
However, with sufficient sampling points, it can be used as an indicator for the error in representing (new) solutions not
included in the snapshot matrix.

3. Sparse grids for interpolation

In order to generate the snapshot matrix, we need to explore the parameter space by sampling the model at discrete
points. Choosing an appropriate number of sampling points is a key challenge for any sampling strategy. Covering the entire
range of dynamics of the unknown function is imperative for a successful construction of the ROM. In addition, extend-
ing the sampling strategy to high dimensional problems is another challenge that must be addressed. Different sampling
schemes have been studied to determine an optimal set of sampling points for increased space coverage (e.g., LHS). How-
ever, such methods select the sampling points a priori without any insight into the function being sampled. This can lead
to overlooking some localized nonlinearities or discontinuities. To reduce such risk, uniform sampling with small intervals
can be used. However, this strategy is prohibitively expensive.

Sparse grids can be very effective for problems of high dimensionality. The construction of the sparse grids is a hier-
archical approach that successively builds the new grid based on previous grid selection. Such construction is suitable for
adaptive strategies since it can be used to build an algorithm that will terminate whenever a desired accuracy is reached.
We will first introduce the classical sparse grid method then present our approach for implementing adaptivity.

3.1. Classical sparse grids

Sparse grids are constructed based on selecting a set of nodes separately for each dimension. These nodes are generated
in a hierarchical manner by levels, where each level is assigned an integer index i. The unidimensional nodes are then
tensorized to form the final sparse grids. We first consider one dimension, then generalize it to the multidimensional case.

Many choices are possible for selecting the unidimensional nodes. While the nodes can be disjoint (non-nested) as in
[26] and [39], nested nodes are more convenient and efficient since function evaluations in this case are not repeated with
increasing the sparse grid level. Therefore, we choose the nodes in a nested manner, that is X! C Xi+1, where X1 is the
set of nodes at the index level i. Since nodes are nested, we can also define the difference set as X’A“ = X1\ X!, where

XL“ is a set that contains only the newly added nodes at level i + 1. An overview of different possible sparse grid choices
can be found in [40]. We generate the nodes in the range [0, 1] which is then scaled according to the physical range of the
parameters in X In order to avoid confusion, we reserve the use of the term “node” for the unidimensional point while a
multidimensional vector of coordinates formed by nodes along each dimension is given the term “point”.

Ultimately, we aim to combine sparse grids with the POD method in order to build a nonintrusive ROM model. This im-
poses an additional constraint on the selection of the unidimensional nodes. This is because the nodes need to be separated
sufficiently in parameter space to produce enriched POD modes covering the complete range of dynamics of the model.
Nevertheless, such selection of nodes might not be ideal for interpolation. In many studies, Chebyshev nodes were found
to perform better than uniform sampling [40]. However, Chebyshev nodes produce more nodes very close to each other at
the boundaries and fewer nodes in the central region, increasing the risk of overlooking some dynamics in the inner region.
Therefore, in order to achieve maximum separation of nodes over the entire parameter domain, we choose the equidistant
rule to generate the nodes.
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A Smolyak interpolant is built for the amplitudes c(x) (from Equation (5), where the index h is dropped for notational
convenience) by considering an operator U'(c)(x) that approximates the function c(x) by an expansion as follows:

c~U O =Y cxhd; ), (8)
J

i cxi
XJE

where i is the level index, X' is the set of nodes x; at level i, ai,. (x) are basis functions, and c(x;) is the function value

evaluated at the support nodes x’] In principle, different choices’ for the basis functions are possible. However, due to

our selection of equidistant nodes, any choice of (global) polynomial basis function is likely to yield poor approximation

because of Runge’s phenomenon [23]. Additionally, polynomial functions are not suitable for local adaptive strategies since

their support covers the entire domain. Piecewise multilinear functions, on the other hand, are flexible because they have

local support and thus can be used to refine specific regions of the domain. These basis functions, which are also called the

hat functions because of their shape, satisfy a;,._ (x) € C([0, 1]), aii_ (xi.) =1, aii_ (yg) =0V y; e Xt x; #* y’] For equidistant
i J

type nodes, we can define the basis functions as follows [40]:

a, =1 ifi=1,
4 1—(m —1)-|x—x|, iflx—xi| < !
a;(x) = A ' omi—-1"
X .
J 0, otherwise, 9)

where m; and the equidistant nodes xz are defined as follows:

; 1 ifi=1,
m=1_ 10
27141 ifis1, (10)
, 0.5 for j=1 ifm =1,
Xx=1 i—-1 ) ) 11
J J forj=1,2,...m" ifm >1. (I
ml —
m! represents the number of nodes at level i (cardinality of X).
Before generalizing to the multivariate case, we first define the difference formula
A =U'©®-U"" 0w, (12)

with U® = 0. As a consequence of selecting nested nodes, the interpolant at level i can always recreate the interpolant at
level i — 1 (i.e, U=1(c)(x) = U (U= (c)(x))). Therefore, Equation (12) can be rewritten in terms of the basis functions in
Equation (8) as,

A=) dicx) - Y ai U™ ©OK)), (13)
xg.eX" ! xiveX" !
= D 4 ) U O). (14)
x&eX" !

Since the interpolant is completely represented at level i — 1, (c(xs.) —Ui-1(o) (xg)) =0, in. € X-1. Thus,
A=) a;;oc)(c(x’;)—ui—‘<c><x§-)>. (15)
xi.eX"A
This means that the interpolant needs to be evaluated only at the newly added nodes at each level increase. Thus, we
can redefine x’j as the jth element in the set X’,. Knowing that the number of newly added nodes (cardinality of X}) is
ml, =m' —mi~1, the difference formula can be written as,
my

AO® =) a; X)) = U ©@))). (16)
j=1 "’

Hence, the sum only runs over the newly added elements that are stored in Xi. The contributions of the previous level
need not to be considered.
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Fig. 1. Sparse grid points for d =2 and different values of I.

Table 1

Number of sparse grid points by level and dimension.
Level (I) d=2 d=3 d=4 d=5 d=6
0 1 1 1 1 1
1 5 7 9 11 13
2 13 25 41 61 85
3 29 69 137 241 389
4 65 177 401 801 1457
5 145 441 1105 2433 4865
6 321 1073 2929 6993 15121

The Smolyak algorithm can be applied to combine the unidimensional nodes into sparse grids by satisfying the following
condition:

d<l|i|<l+d, (17)

where d is the number of dimensions, |i| =i; + i + ... + ig with i, being the index level along dimension n, and [ defines
the level of the sparse grids. Therefore, the points of the sparse grid at level | are formed by the set

Bu= |J (¥"@x2@..@x4) (18)
d<li|<l+d

Fig. 1 shows the development of the sparse grids from level [ =0 to | =4 for a two dimensional space (d = 2). Table 1 lists
the number of sparse grid points generated per level and dimension.

The unidimensional formulation in Equation (8) can be extended to the multivariate case using the tensor product
operation

mi1 mid
UMNOE) ® - @UUQ ) = Y+ ) el X)) - (@) (1) @ - @, (xa)- (19)
=1 jg=1 i "ia

This shows that building the interpolant needs ]‘[;Zz1 mix function evaluations, which increases exponentially with the
dimension. Smolyak combination technique can be used to reduce the number of function evaluations. The idea is based on
the fact that not all points contribute equally to the interpolant, some have a minimal contribution which can be neglected.
Therefore, a hierarchically structured algorithm can be built that includes points iteratively until a desired accuracy is
reached.

The Smolyak combination technique forms the multivariate interpolant from the univariate difference formula (Equa-
tion (16)) as follows:

A©@©@ =Y ATOF) ® - ® AC)(Xa). (20)
li] <l+d
where [ and |i| are defined as in Equation (17). This Equation can be split into two parts,

Ag©@©@ =Y (A1) ® - @AY+ Y (A1) ® - ® A(C)(Xq)) - (21)

li|<l4+d li|=l4+d

Al-1,4(©) (%) AAL4(©)(X)

The first term (Aj_1,4(c)(x)) represents the interpolant value at the previous interpolation level and the second term
(AApq(c)(x)) is the interpolation contributions from the newly added points. Since the points at each level are defined
as a subset of the next level (X C X'*1), the second term can be written in terms of the basis functions as

AAOE = Y D (@] () @ @aY, () - (€0 X)) — ALra(@ (. X)), (22)
li=l+d j 01 *jg

i
A
J
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=0 =1 =2
1 1 1 — I@)
Ay = Agy + adw? + ddwi ) Az = Avy + @ 50} + 0 7w -—- Ag
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s \
- okt — 0
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T
Fig. 2. The progression of the interpolant A; 4 for a one dimensional function f(x) =x2 sin(%x)2 from the first level [ =0 to level [ = 2. The weights w}
and the basis functions aij are also shown. The generated nodes are X'} = {0.5} at level [ =0, Xi ={0,1} at level I =1, and Xg ={0.25,0.75} at level
I=2.
0‘5 =1
0 1 i=2
0.25 0.75 =3
0.125 0.375 0.625 0.875 =4

P U U U

0.0625.....0.1875....0.3125.....0.4375.....0.5625.....0.6875.....0.8125....0.9375.. =5

Fig. 3. Tree structure for the nodes in Xg where the depth is assigned the level index i. Nodes are added at each level to half the distances between the
nodes in the previous level.

where j is a multi-index (j1,..., jq), jk = 1,...,mi", k=1,...,d, and miA" is the number of newly added nodes along
dimension k. Note that any point x} = (x;’l,...,x'j"d) at level | is included in the set Bj4 (from Equation (18)). The term

denoted by w} is called hierarchical surplus [40] which is the difference between the true function values at the newly
added points and the corresponding approximation of the interpolant at the previous level. Therefore, these coefficients are
simply a correction of the interpolant at level [ — 1 to the actual values. Fig. 2 illustrates the progress of the interpolant for
a simple one-dimensional function.

3.2. Locally adaptive sparse grids

The local adaptive method can be illustrated by showing the unidimensional nodes Xi in a tree-like structure. Fig. 3
shows such a tree where the depth of the tree has been assigned the level index i. The root of the tree has a single
node X! ={0.5}. It is evident that nodes are added at each level to half the distances between the nodes in the previous
levels. Therefore, each node has an ancestry as shown in the tree structure (Fig. 3). Each node has one parent and two
children, except at index level i =2 where each node has only one child. This ancestry dependence can be extended to
multidimensional points by relating each point to a set of neighbouring points called forward points. Specifically, a forward
point to x is a point on the grid that shares all nodes with x except along one dimension where the forward point node is
a child of the node of x. To that end, we define a forward neighbourhood operator W(S) that operates on a set of points
S ={xqlg=1,...,n} and returns all forward points for all points in S as follows:

W(S) ={1, ..., Y M, q:b(yi) =Xqi AN yj=XqjVji#1, q€[l,....n], ji€[l,...d]}, (23)

where b(x) is a function that returns the parent of a node x from the tree. We also define a backward point for x as a point
with a parent node along one of the dimensions of X. A backward neighbourhood operator W~1(S) that operates on the set
S and returns the set of all backward points can be defined as

lIJ’l(S):{(y1,...,yd)|Eli,q:b(xq.,-):yi ANYj=xqiVj#i, qe[l,...,n], jie[l,...d]}. (24)

Each point on the grid is surrounded by 2d forward points and d backward points. However, because of the exception
at tree level 2 where nodes generate only one child, points that contain a node from level 2 have less than 2d forward
points. Additionally, points that contain the root node 0.5 have less than d backward points because the parent function
b(x) returns the root itself for the root node (i.e., b(0.5) = 0.5). Note that the forward points are not unique since the same
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Fig. 4. A 2-dimensional example showing the four forward points of the points x = (0.25, 0.75) and the three forward points of the point x = (0.75, 0).
forward point can be generated from different points. Thus, it is important to keep track of the generated forward points

to avoid duplication of points. By applying the backward neighbourhood operator successively, we can define the set of
ancestor points I'(S) for all points x in S

L
—1\4d
re)=J @ ®. (25)
q=1
where (\Ifl)L (S) =(0.5,...,0.5). The set of ancestors for a point X represents all points with basis functions that con-

tribute to the construction of the interpolant at point X. Fig. 4 shows an example point x = (0.25, 0.75) with its forward
points. The figure also shows a point on the boundary containing a node from level 2 x = (0.75, 0), which has less than 2d
forward points.

3.2.1. Locally adaptive algorithm

The basic idea of the locally adaptive algorithm is to set a criterion for selecting important points then refining the grid
iteratively by adding only the forward points of the selected important points.

Let 21 be the set of important points, and I*~1 be a set of inactive points that were considered unimportant at
iteration k — 1. During the next iteration (k), the algorithm generates a testing set 7% from the forward points of Z¥~1, and
%1 as

T* — \I,(ZIH) Uk, (26)

and identifies a subset Z¥ C T* that is considered important, which is then added to the grid X* (ie, X% = zku xk-1),
This process is repeated until some global criterion is met.
In order to identify the important points Z¥, we need to define a local error measure (éjf). A point X; in the testing set

T* is considered important and is admitted in Zk if it has an error (e?) above a certain threshold (yint)
2K = (xj € T¥|eX > yint). (27)
Points that do not meet this criterion are stored in the inactive set
¢ = ({T*\2*y U K1), (28)

At each iteration, we need to evaluate the interpolant at the testing points 7% in order to compute E?. However, the
interpolant in Equation (21) is written in terms of the (global) level | which is not relevant in the adaptive scheme because
points are added based on their location and ancestry. Therefore, we can rewrite the interpolant in Equation (21) and
Equation (22) for any point X = (X1, ..., X4) in terms of iteration k as

A, d(©(X) = Ap—1,a(©)(X) + AAa(0)(X) , (29)
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Fig. 5. A comparison showing the difference in sampling the function f(x) = between adaptive and classical sparse grids algorithms. The first
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65 sampled points from both algorithms are marked, which shows the adaptive algorithm selecting more points around the peak and fewer at the smooth
region.

A

M

AAra(©)x) =Y whkenx), (30)
1

n=

where mkA = card(Z¥), and ©, is the d-dimensional basis function for the point x, € Z,

d
i
O =[Td}, xp), (31)
p=1 ""F
where X, has support nodes (xfj’l, .. .,x;‘fd). and ip is the level (tree depth) index for the support node xfﬁp. The surplus

corresponding to X, is defined as
Wy = C(Xn) — Ak—1.4(Xn)- (32)

Once the important points are identified, they are added to the set X* and their corresponding surpluses are stored
in the set WK, The hierarchical surplus as defined in Equation (32) is a natural candidate for the local error measure e?.
These surpluses are defined locally (for each point) and represent the deviation from the true value. This criterion was
applied in [33,35]. However, Griebel (1998) [31] showed that taking the absolute value of the surpluses is too sharp of an
indicator and can lead to a non-terminating algorithm in some cases. The author suggested weighing the surpluses with
the integral of the corresponding basis functions in order to give more importance to points with basis functions that have
wider support. This criterion was used in [36,34,32]. In our implementation, we combine the adaptivity with the POD to
model a physical field. Therefore, we choose a local error measure based on physical space rather than the surpluses which
are defined in parameter space. The local error measure in our approach is presented in Section 4 after presenting the
method of integrating the POD with the adaptive sparse grids.

To highlight the difference between the classical and the locally adaptive sparse grids, Fig. 5 shows an analytical function
that was sampled using both approaches. The first 65 sampled points from both algorithms are marked on the figure.
The classical sparse grids algorithm resulted in a uniform sampling regardless of the function’s behaviour. The adaptive
algorithm, on the other hand, was more efficient by spending more points around the steep gradient and fewer points in
the smooth region.

3.2.2. Including ancestor points in the adaptivity

A refinement criterion based entirely on the local error measure can lead to premature termination of the algorithm. This
is observed when the true function value intersects (or closely intersects) the interpolant at the forward points. For example,
the adaptive algorithm based only on a local error measure never converged when tested on the Rosenbrock function in
2D, defined as f(x, y) = 100(y — x2)2 + (1 — x)? and x, y € (0, 1). The reason is that the value of this function at the root
point (0.5,0.5) and at one of its forward points (0.5,0) are equal. Therefore, the surplus computed at the point (0.5, 0)
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is zero which falsely implies that the interpolant is accurate around this point. As a consequence, the algorithm stops
refining around the point (0.5,0) and assumes a constant interpolation between (0.5,0.5) and (0.5, 0), which is incorrect.
The missing behaviour around (0.5,0) cannot be recovered at subsequent iterations. This is significant because the basis
function at (0.5, 0) has support that spans half the domain.

This issue can be mitigated by redefining the selection of the important points to include the ancestors. Including missing
ancestors has been discussed as part of building an accurate hierarchical interpolant (see [32]). Bungartz et al. (2003) [36]
used the missing ancestors as support points for the d-polynomial basis functions where they contribute to the calculations
of the surpluses of their descendants. In our approach, the goal is to use the adaptivity to explore the parameter space.
Therefore, the ancestors are not only included for building the interpolant but also to search in the forward points of these
ancestors for any possible missing behaviour. In this case, the local error indicator egf is still a measure for the importance
of the region around the point but the algorithm prioritizes the search in the vicinity of ancestors before moving to the
forward points. This is important because the basis functions for ancestors have wider support compared to the descendants.
However, in order to keep the number of evaluations reduced, not all ancestors are included in the important set.

The important set is redefined to take into account the ancestors as follows:

C*=(xj e T*| €} > yine).

zZk=(xjec’| N(xj) c k1),

Zy =y eT(x)) X €C Tx)NC =0 Ay ¢ XTI AT S A1),

zk=zkuzt. (33)

In this definition, we first identify a set of candidate points C¥ containing all points with an error above the defined
threshold yin.. Then, the important points set ZX is formed by two parts. The first z}; are points within the candidate
points C¥ that have all their ancestors already included in the sparse grid X*~1 from previous iterations. The second ZII; are
the missing ancestors of candidate points with partial ancestry in X*~1. However, candidate points that have any ancestor
point also as a candidate will not be considered because the error at these points is likely to be high due to the error at that
ancestor. Such points will be added to the inactive set to be tested again in the next iteration after including the ancestor
point first. Applying this strategy to the aforementioned Rosenbrock function resulted in the algorithm converging with 967
points to a relative error of 1%.

Such definition for the set of important points (Equation (33)) enhances the quality of exploring the parameter space
because for every important point identified in iteration k, all 2d forward points will be tested in the next iteration (Equation
(26)). However, for high dimensional problems where the model is linear (or almost linear) along certain dimensions,
refining the grid in all dimensions unnecessarily increases the number of model evaluations. For such cases, we can control
the number of model evaluations by introducing a parameter p that tunes the greediness of the sampling scheme. This
parameter reduces the number of points in the testing set 7*t1 as follows:

card(W~1(x;) N &%)

_ k
card(W=1(x;)) zl=p U Is (34)

T = [xj e w(zh

where the operator card())) returns the cardinality of a set ), and u is the greediness parameter that has a value € [0, 1].
For every forward point in W(Z¥), the fraction of its backward points that are included in the important set X* is required
to be greater than or equal to 1 — u in order for this point to be tested. Note that each point in a d-dimensional grid has up
to d backward points. The algorithm is greedy for © =1 because all forward points will be admitted and tested. For © =0, a
point will only be tested if all of its backward points were important, which directs the algorithm to avoid searching regions
with no important points. The concept of only considering points whose backward points are important is inspired by the
(anisotropic) dimension adaptive sparse grids, where indices of important grids are identified based on the importance of
the indices of its backward neighbours (from previous iterations) [27]. By extending this concept to the local adaptivity, we
have better control of the number of model evaluations, at the expense of exploring the parameter space less thoroughly.

3.2.3. Validation

Including the ancestors can only mitigate the premature termination issue but not resolve it completely. This can be
observed, for example, in the one-dimensional sine function sin(2wx), which has the same value at the root point {0.5}
and at its forward points {0,1}. Both forward points, in this case, will have zero surpluses (W% = w% = 0). Therefore, the
algorithm will still terminate without any further refinement even with including the ancestors rule. This issue can also
arise in multidimensional functions. We can try to define a different error criterion to circumvent this case. However, as
stated by Griebel [31], for any given error criteria, we can always find a function that will cause the algorithm to terminate
prematurely. Therefore, we propose to include a validation step after convergence that will test the model at randomly
generated points. If any of the random points results in an error greater than the tolerance, the algorithm enriches the
model with more points around that point. This is achieved by considering all points from the inactive set with basis
functions contributing to the interpolant at the random validation points
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; 1
Q={Xn €T"| IXrp — XS pl < ——— Vip#£1,p=1,...,d), (35)
m? —1

n

where X; = (Xr,1,...,Xrg) is the tested random point, x:ffp is the support node of the point X, along dimension p with tree

depth ip, and m,'{’ is defined as in Equation (10). The points in Q are then considered candidate points (i.e., C¥ = Q) and
the adaptive algorithm is resumed. The basic principle here is that if the random point has an error above the tolerance,
it implies that the algorithm incorrectly categorized one of the contributing basis functions as not important (added to the
inactive set) and failed to build an accurate interpolant in that region. Therefore, reconsidering these points as candidate
points will enrich the model around this region.

4. POD-Adaptive algorithm

The adaptive algorithm is used to guide the sampling scheme for the POD method. At each iteration, the high fidelity
model y(x) is sampled at new grid points 7*. Then based on the predefined error measure, an important subset ZX
is identified and added to X*. The snapshots corresponding to the points in Z* are then added to the snapshots set
Fe={yx))Ix; € X% j=1,...my}. We then perform a SVD on the snapshots and obtain new POD modes {u |h =1, ...1¢}.
Each iteration will result in a new set of POD modes u, and, consequently, a new set of amplitudes cp(x). Moreover,
the number of POD modes might increase from iteration to the next because of the addition of new snapshots. As a
consequence, the number of functions to be interpolated (amplitudes of the POD modes) also increases. In this section, we
propose a scheme that is able to keep track of the changes in the amplitudes with minimized computational cost.

At iteration k, the high fidelity model is approximated as

Tk
VO~ Y cp(X)uy,. (36)
h=1
Using the orthogonality of the POD modes, we can define the amplitudes at any point x; as

Ch(Xi) =< Y(Xi), up > . (37)

We aim to approximate cj(X) with the interpolant Ay 4(cp)(X) (Equation (30)) and eventually build a ROM y,(x) approxi-
mating y(x) such that

Tk
Va®) =Y Aa(cn)X)uy. (38)
h=1
The interpolant Ay 4(cy)(X) depends on the grid points X% and the surpluses W}I‘ For every amplitude (cp), a specific
interpolant is built with a corresponding set of surpluses W}I‘

At iteration k + 1, the adaptive algorithm selects a new set of grid points Z¥*1. Then, the set of snapshots are updated,
FH = (y(xj)|xj € X*+1, j=1,...m 1}, where X¥ € X**1 and my,1 > my. As a consequence, we obtain a new set of POD
modes {i, |h =1,...r,1} and corresponding amplitudes {C;(X) |h =1,...7ry1}. The POD model at iteration k + 1 can be
written as

Tkt1
Ya(®) = en(X)iiy. (39)
g=1
In principle, ¢;(X) is a new function of X and is not related to c,(X) because the POD modes are different (i.e., uy # Gy).

Therefore, in order to construct the ROM as in Equation (38), a new interpolant for ¢, (Ai1.4(Ch)(X)) needs to be rebuilt
hierarchically starting from the first iteration. From Equation (29), Ag41.4(Cp)(X) is formed by two parts

Ak+1,dCr)X) = Ak, a (Ch)(X) + AAgi1,q(Ep) (X). (40)

The first term Ay 4(Ch)(x) is the interpolant from the previous iterations, which needs to be computed first for all x; € Xk
in order to obtain the unknown surpluses W}f Recomputing the entire interpolant for all previous points at each iteration
is inefficient and counter-productive to the hierarchical structure of the Smolyak algorithm. However, since the grid points
are selected in a nested manner, we can find an efficient way to update the surpluses from the previous iterations without
having to recompute the interpolant hierarchically. Once these surpluses are updated, the surpluses for the new points in
Zk+1 can be computed for the second term AAg,14(Ch)(X) as in Equation (32).

To update the surpluses )/AVL< we first notice that the amplitudes from the two consecutive iterations k and k + 1 are not
equal, that is

Ch(X) # cp(X). (41)
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In physical space, however, assuming negligible SVD truncation error, both POD models from Equation (36) and Equation (39)
are defined to reproduce the exact snapshots at the points in A* because the points are nested (X* c x*+1). Therefore,

Tk+1 Tk

D eexplg =Y cpxpu,  vxje XK. (42)
g=1 h=1

We can use the orthogonality property and project the equation onto #ig to obtain the amplitudes

Tk
ég(xj)=Zch(xj)<uh,ﬁg> ijeXk, g=1,...,Tks1. (43)
h=1
Since the interpolant Ay 4(Cg)(X) is a function of the surpluses rather than the function Cg, it is more convenient to find a
relation between W’j‘ and W’j‘.. We first note that the set X’¥ is formed by the union of the important points from all previous
iterations, that is

k
Xk — U Zl. (44)
=1
The definition of the surpluses in Equation (32) can be written for amplitude ¢, (X;) at any iteration [ as
le,h =ch(Xj) — Ai—1,4(cp) (Xj), VX € z! (45)
Substituting Equation (45) in Equation (43)
T
WAL = [w’th n A,,l,d(ch)(xj)] <upfg> Vxezli=1,...k g=1....1.  (46)
h=1

We can further reduce Equation (46) by noticing that Ag 4(Cg)(X) = Ag,q(ch)(X) = 0. Therefore, for I =1,

Tk

W= [wha| <wte> ezl g=1.ne “7)
h=1
For I=2,
Tk
W2+ ALa@o () =Y [Why+ ALa(en®p] <unlig > Vi€ 22 g=1, g, (48)
h=1

Note that both interpolants Ay 4(C¢)(X) and Ay g(cp)(X) share the same support nodes.

From the definition of the interpolant in Equation (29) and Equation (30), it follows that
mp

ALa©OX) =AALg= ) WaOn(X)). (49)

n=1

Thus, Equation (48) becomes

A A
my Tk my
) A1 _ 2 1 . I . 2 —
wie+ E wn,g®n(xj)_ E wip+ E Wy pOn(Xj) | <up,ug> VXj€Z% g=1,... Tk (50)
n=1 h=1 n=1

Using Equation (47) to replace \/Av,lLg in Equation (50), we get

A A
my g Tk m
A2 1 - 2 1 - 2
wj,g—i-Zan’h <uh,ug>®n(x]-):z wj’h—i—an’h@n(xj) <up,ug> VXjeZ° g=1,...,Tk1,
n=1h=1 h=1 n=1
(51)
which simplifies to
r
~2 2 S 2
wj’g=ij’h <up,Ug > VXjeZ%, g=1,... k1. (52)

h=1
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Recursively, we find a general expression for \7v’]‘ g as

Tk

~ k k S k

Wi, = E Wiy <up, g > VXje XY, g=1,..., k1. (53)
h=1

Since w’]? is simply a measure of the deviation of the interpolant from the true value, this result means that we can simply

obtain the surpluses at any iteration k + 1 by taking this difference from the previous iterations to the physical space first,
then projecting onto the new space formed by @,. Equation (53) can be used first to update the surpluses for all previous
points X% before computing the surpluses at the new points Z¥*1 (Equation (32)).

To define the local error measure ej?, we choose the Ly-norm error in physical space as follows:

Tk
X = lyxp) — > Aralen) X))y vx; € X, (54)
h=1 Ly
and the candidate points C¥ are selected as
C* = {xj € TH€f > (vine [y, + Cabs)), (55)

where yiy; is the interpolation threshold and ¢ups is the absolute tolerance, which is introduced to deal with functions of
small magnitudes. The important points Z¥ are then selected by considering the ancestors as in Equation (33).
Additionally, we can define a global error estimate (e’r;ax) in the Lo, norm
6rkrlax = méiXGf' (56)
J
The algorithm is terminated once the global error is below a given relative tolerance . A trivial choice for the tolerance
is to be equal to the selected threshold (i.e., ] = ¥int). However, setting a different global tolerance is useful to avoid

non-terminating algorithm or oversampling the high fidelity model. The algorithm terminating criterion that takes into
account both the relative and absolute error is introduced as

6rknax < (rel HY(XJ)H + Cabs)- (57)

The algorithm is summarized in Algorithm 1 and the validation algorithm is summarized in Algorithm 2. Note that not
all sampled points are included in the snapshots. The POD modes are formed only by the snapshots corresponding to the
points in X, Points that are not considered important (not included in Z¥) are not included in the snapshots. This strategy
reduces the computational cost of performing the SVD.

5. Applications

In this section, we present three different numerical tests. The first is a reactor physics problem with 5 dimensions.
This problem is presented in two cases in order to test the POD-Adaptive algorithm in two different settings, the first is a
strongly nonlinear setting and the second is weakly nonlinear. The second numerical test is a general diffusion problem with
18 dimensions, which demonstrates the performance of the algorithm in higher dimensionality. The validation algorithm
is also tested in this problem. The final test case is an oscillatory analytical function in 20 dimensions, which tests the
algorithm in identifying regions of strong nonlinearity.

5.1. Test Case 1: point kinetics

Models of nuclear reactors are complex because they aim to capture the dynamics of multi-physics phenomena occurring
at various scales. The Point Kinetics model is a simple approximation that models the temporal evolution of the reactor
power as a function of perturbations in the reactor. In this model, the spatial behaviour is not considered, and the reactor is
condensed into a single point, hence the name. The model is described by a set of ordinary differential equations as follows
[41]:

dP(©) _ p(®) - B

T TP(t) +AC(t), (58)
dc(e) B
o = XP(t) —AC(D), (59)

where P(t) is the reactor power at time t, p is the reactivity of the reactor, g is the effective fraction of delayed neutrons,
A is the neutron generation time, A is the one-group decay constant, and C(t) is the one-group precursors concentration.
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Algorithm 1 POD-Adaptive.

Require: an interpolation threshold yjy, a relative tolerance |, an absolute tolerance ¢,ps, @ POD truncation threshold yi, a greediness parameter u, and
a target model y(x).
Ensure: grid points X* and their surpluses WY, inactive set Z¥, and POD modes uj.
1: Initialization:
-setk=1, x1=21={(05,...,0.5)}, Z! = {#}, €] =inf
- evaluate the model at y(0.5,...,0.5) and add the resulting snapshot to F
- perform SVD on the snapshots in F to obtain uy
- compute the amplitude c(0.5,...,0.5) =<y(0.5,...,0.5),u; >
- set W} ={c1(0.5,...,0.5)}

while any € > (rer [y(X))| + Zabs) do
k=k+1

card(W~! (xpnxk)

compute 7 = {Xj ew(zth card(U-T(x;))

zlfp,}ul""]

2:

3:

4:

5:  forall x; e TX do
6: evaluate y(x;)

7: compute Ag_1,4(c)(X;) as in Equation (29)
8:

compute ek = Hy(xj) =Y Al ) Xy HLZ
9: end for

10:  find the candidate points CK = {x; € T"Iejf > (Vint ”y(xj)HL2 + Zabs)}-
11:  find 2%, 2K and 2* as in Equation (33)

12:  compute Xk = zky ak-1

13:  update the inactive set ZK = {T*\ 2k} U ZK-1

14: add the snapshots corresponding to the points in Z¥ to F

15:  perform SVD on the snapshots in F to obtain new POD modes iig

16: truncate the POD modes such that e; < yir

17: use Equation (53) to update the surpluses for points in A1

18: compute the surpluses at the selected points in Z* as in Equation (32)
19: end while

Algorithm 2 POD-Adaptive Validation.

Require: an interpolation threshold yiy, a relative tolerance ¢, an absolute tolerance ,ps, @ POD truncation threshold y, a greediness parameter i, a
target model y(x), grid points X’¥ and their surpluses Wr’f inactive set Z¥, POD modes uj,, and a number of random points to be tested v.

Ensure: grid points X* and their surpluses WE, inactive set Z¥, and POD modes uy,.

1: generate a set of v random points V

2: forall x; €V do

while any €r > (frel [lY(Xr)ll + Zabs) do
find Q as in Equation (35)
9: k=k+1
10:  setCk=Q
11: perform Algorithm 1 starting from step 11.
12: recompute ¢, for all x, € V
13: end while

3: evaluate y(x;)

4: compute Ay 4(c)(X;) as in Equation (29)

5.  compute & = Hy(xr) = AR L (en) () HL
2

6: end for

7:

8:

A reactor is usually controlled by control rods which mostly influence the reactivity of the reactor. A positive reactivity
p > B causes the reactor power to be unstable in a very short period of time, a state called supercritical. On the other
hand, 0 < p < B also causes a surge of power but at a much-reduced rate which allows for enough time to compensate and
control the reactor. Therefore, the time evolution of the power is strongly nonlinear when the reactivity insertion is close to
B. This problem is similar to the one presented by Perké et al. (2014) [42], where the uncertainty in the maximum power
was studied using adaptive polynomial chaos.

In this example, we consider a transient problem by assuming an insertion of a large positive reactivity that triggers
the emergency safety system of the reactor. Thus, starting from an initial stable reactor at t < 0 (p = 0), the reactor is
perturbed with a step reactivity insertion p(t) = p; > 0 at t =0, causing the power to increase exponentially. At t =t, a
strong negative step reactivity is inserted p(t) = p2 < 0, which simulates the insertion of shutdown rods to stop the reactor.
Under these assumptions, we can solve Equation (58) and Equation (59). For 0 <t <'t;, we get

-_p +_ P
w- —£& wht—-£
P(t)=Py| —— D W't - — A ewit| (60)
wT —w wT —w

_BPo[ W wh o wt
C(t)_ﬂ w—wre w—wte ’ (61)
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Table 2
Nominal values and the studied range of variations for Setting 1 and Setting 2 of the
Point Kinetics model.

Parameter Setting 1 Setting 2 Change
01 0.98 0.78 +5%

A 0.09441 s~! 0.09441 s~! +5%
A 0478 x 1076 s 0478 x 1076 s +5%
Po 1w 1w +5%

B 0.00403 0.00403 +5%
02 —58 —58 0

ts 1072 s 1025 0

where

—_ B — _ 2
pt_ PP xAi\/(ﬁzAplﬂA) +4)»Ap1’ 62)

and Py is the initial power level.
The solution of the power for t > ts is

Psw; — Ps228 ) c Pswi — Po228 ]
Pty = | ——s — 75 A+ Sewse—ty _ | I3 Ts 0 A+ S |ews (t=ts) (63)
Ws — Wg Ws — Ws

where Pg and C; are respectively the power and precursors concentration at t = t, and

L_P—B—AAEV(B—pr+IA)?+4MAD
S 2A '

We study this model under variations of 5 parameters Py, A, A, p1, and 8. We assume a uniform distribution with
+5% change from the nominal values. We consider two settings. The first is a case where the reactivity insertion is close
to the supercritical state (p; = 0.98), which describes strong nonlinear behaviour. The second setting is selected such that
the reactor is slightly further from the strong nonlinear behaviour, p; = 0.78. Nominal values of both settings are shown in
Table 2.

For both settings the relative tolerance (1) Was set to 10~2, absolute tolerance (Zaps) was 10~4, interpolation threshold
(¥int) Was 5 x 1073, truncation threshold (y;) was 10712, and the greediness parameter ;& was 1. A ROM model was built
for each setting separately. In Setting 1, the algorithm stopped after sampling 944 points while for the second setting the
algorithm required only 139 points, which is expected since Setting 2 is further from the unstable region. However, in both
settings, only about 16% of the sampled points were included in the ROM. We then tested the models on 10000 randomly
generated points that were not part of the training set. In order to show the progress of the ROM per iteration, Fig. 6 shows
the maximum relative L, error as a function of the number of model evaluations by testing the model at the random points
after each iteration. On the same figure, we also compare the error with a different ROM model built using the classical
sparse grid method (no adaptivity). The classical model is equivalent to setting the interpolation threshold yjy¢ and the
absolute tolerance ¢,ps to be zero.

The advantage of the adaptive strategy compared to the classical is clear for Setting 1 (Fig. 6a) as the tolerance was
achieved with a much-reduced number of evaluations. The reason is that the classical algorithm adds points along all
dimensions equally in every iteration whereas the adaptive algorithm only adds points in regions of higher error. As a
consequence, the adaptive algorithm samples the most sensitive dimensions more densely. This is evident from the number
of unique nodes in every dimension selected by the algorithm, which is shown in Table 3. For the initial power level, the
algorithm sampled 5 nodes only, which are the first five nodes: the (centre) root node 0.5, the children of the root node
(the boundary nodes) 0 and 1, and their children 0.25 and 0.75. This means that the algorithm built a linear interpolant
with the nodes 0.5,0, and 1, then when it tested the interpolant at the nodes 0.25, and 0.75 the error was sufficiently
low and no further refinement was needed. This is expected because the initial power level is a linear scaling factor, as can
be seen from the solution in Equation (60). For the decay constant (1), the algorithm assumes a constant nominal value
because only 3 nodes were sampled. The root node results in the nominal value but when testing on its children (boundary
nodes), the error was sufficiently low to stop any further refinement along this dimension. The neutron generation time (A)
also has minimal effect on the power evolution, which is evident in the low number of selected unique nodes. As expected,
the model is most sensitive to the reactivity (,01) and the delayed neutron fraction (), which the adaptive algorithm could
recognize by adding more points along these dimensions.

Fig. 7 shows a projection of the evaluated points in Setting 1 on the p; — 8 plane. This figure illustrates the region where
the algorithm selected the most points. The region corresponding to higher reactivity and lower delayed neutron fraction
was considered the most important (mathematically p; ~ 8). This was expected because a lower fraction of the delayed
neutrons means the reactor responds stronger to perturbations with instantaneous prompt neutrons. Reactors with lower 8
are closer to the instability and harder to control. Higher reactivity insertion p; also causes the neutron population inside

w

(64)
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Table 3

Number of unique nodes in each dimension selected by the POD-Adaptive algorithm

in the Point Kinetics problem.

Py A A 01
Number of nodes in Setting 1 5 3 5 31 29
Number of nodes in Setting 2 5 3 4 7 7
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nonlinear Setting 1.
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Fig. 6. Point Kinetics: Maximum relative L, error as a function of the number of evaluations. Classical and adaptive algorithms are compared. The effect of
reducing all tolerances of the adaptive algorithm by a factor of 10 is also shown (marked with e = 1073).

the reactor to multiply much faster. Additionally, Fig. 6 shows the effect of reducing the tolerances by a factor of 10 (i.e.,
Zrel = 1073, Zaps = 1072, ¥ine =5 x 10%). The algorithm produced a ROM that achieved the required tolerance with a higher
number of model evaluations. Nevertheless, the adaptive algorithm in this case reduced the number of model evaluations
compared to the classical approach by a factor of 6.

For Setting 2, both the adaptive and the classical models reached the required tolerance at similar rates, as shown in
Fig. 6b. The adaptivity had no advantage here since the problem is almost linear. Reducing the threshold brings the adaptive
method closer to the classical performance because more points are admitted in the ROM per iteration. For example, Fig. 6b
shows that both the adaptive and the classical approaches sampled 61 points by the second iteration. However, when tested
on the random points, the classical approach had a lower error compared to the adaptive because the adaptive marked some
of these points as inactive and did not include them in the ROM. Although Fig. 6b shows the error to be lower than the
tolerance by the second iteration, the adaptive algorithm converged after three iterations because the error estimate (eﬁmx)
was still slightly above the tolerance at the second iteration. Reducing the threshold caused the adaptive to include all 61
points in the ROM, which also resulted in an error almost following the classical model for all iterations. Nevertheless, the
adaptive algorithm is able to stop the sampling and converge to the required relative tolerance of 10~3 after 367 points
while the classical approach can only stop after a predefined number of points, which in this case was 801 points.

Fig. 8a and Fig. 9a show the distribution of the relative L, error resulting from the tests for Setting 1 and Setting 2,
respectively. In Setting 1, 99.98% of the points resulted in an error less than the tolerance of 1% while in Setting 2 all
tested points resulted in errors less than the set tolerance. The maximum error found in Setting 1 was 1.05%. This point
is simulated and compared to the reference solution in Fig. 8b. The figure shows the power increase at t =0 due to the
positive reactivity (p; = 0.00375), which is then sharply reduced at t = 10~2s due to the insertion of the shutdown rods
(2 = —58). In Setting 2, the maximum error was 0.75% which is shown in Fig. 9b along with the corresponding reference
solution. The initial power increase is due to a perturbation of p; =0.00293 and the decrease is again due to the shutdown
rods. The POD-Adaptive model produced the simulations for the 10000 points in 3 seconds while the reference model
required 15 seconds.

In order to test the effect of the greediness parameter, we rerun the algorithm with reduced values of u and tested the
resultant ROM models on the same 10000 random points. We compare the number of model evaluations, the percentage of
these evaluations utilized by the ROM, the maximum error found and the percentage of tested points with errors below the
set tolerance. The results are summarized in Table 4. As expected, reducing the greediness parameter decreased the number
of model evaluations and improved the utilization of these points. It can also be seen that this improvement compromised
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Fig. 8. Point Kinetics Setting 1: Histogram and simulation of the point of maximum error, which resulted from testing the ROM model on 10000 randomly
generated points. The POD-Adaptive model produced the simulations faster than the reference model by a factor of 5.

the accuracy of the model to some extent. For example, selecting @ = 0 increased the maximum error for setting 1 to 4.7%
and decreased the number of points below the tolerance to 89%. However, this model was built with only about 17% of
the points needed by the default (greedy) model. The table also shows a case of reducing the interpolation threshold yjy
to 10~3 while = 0. The model, in this case, matched the default model in terms of accuracy with 58% less points. The
significant reduction in the number of points with decreasing w can also be seen in Setting 2 and similar conclusions can
be drawn.

5.2. Test Case 2: diffusion

The diffusion equation has application in many scientific disciplines. We consider the time independent diffusion equa-
tion with a space dependent diffusion coefficient and a removal term
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generated points. The POD-Adaptive model produced the simulations faster than the reference model by a factor of 5.

Table 4
Point Kinetics: Results of comparing different ROM models by varying the greediness parameter (.
" Number of model evaluations % of utilized points Maximum relative L, error % of points < re|
Setting 1 1 944 15.9% 1.05% 99.98%
0.5 529 26.6% 111% 99.98%
0 163 60.12% 4.78% 89.38%
0¢ 401 66.83% 1.06% 99.98%
Setting 2 1 139 15.8% 0.75% 100%
0.5 91 24.1% 0.75% 100%
0 43 46.5% 0.96% 100%
0? 77 28.6% 0.27% 100%
® Vi =1073.
Sp
7 8 9
4 5 6
n
n
. 1 2 3
n
n
n
Sy smmsmmm=
Fig. 10. Domain of the diffusion problem showing the numbered 9 regions and the boundary segments Sp and Sy.
V-D®)Ve(r) +ame(r) = Q(r), (65)

where ¢(r) is the diffusing material at location r, D(r) is the diffusion coefficient at r, a(r) is the removal coefficient,
and Q (r) is the source function. We consider a checkerboard domain with 9 regions as shown in Fig. 10. Each region is
considered to be homogeneous with constant properties across the region. Only the lower left corner (Region 1) has a
uniform unit source, i.e.,

Q@)=1 VreRegionl, (66)
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Fig. 11. Diffusion: Maximum relative error per iteration after the test on 1000 random points and histogram of the relative error at the same points for the
POD-Adaptive ROM after convergence.

while the source is zero for all other regions. The boundary conditions were taken to be

o) =0 onSp,

N (67)
n-Ve¢(@)=0 on Sy,

where 7 is the outgoing normal vector, Sy is the outer boundary segment for the source region and Sp is the outer
boundary segment for all other regions as shown in Fig. 10. The diffusion equation was solved on a two dimensional plane
(i.e., r=(x, ¥)). We consider the model to be parametrized with respect to the diffusion and removal coefficients. Therefore,
we have a total of 18 dimensions corresponding to the diffusion coefficients (D) and removal coefficients (o, ) within every
region n. The diffusion coefficients were taken to be in the range [0.3 1.7], and the removal coefficient in [0.0075 0.0425],
where the nominal value of the solution is the centre of the range. The equation was solved using a Finite Element (FE)
code, which was considered to be the reference model. We then build a ROM for the FE model using the POD-Adaptive
algorithm with relative tolerance () set to 1072, absolute tolerance (Z,ps) set to 10~4, interpolation threshold (y;y.) set to
5 x 1073, truncation threshold (y4;) set to 10712 and a value of 1 for the greediness parameter L.

The algorithm converged after 8815 sampling points. As a benchmark showing the progress of the error during the con-
struction stage, the model was tested on 1000 randomly generated points after each iteration. Fig. 11a shows the maximum
relative error per iteration as a function of the number of evaluations. The classical sparse grids error is also shown in
Fig. 11a for comparison. Both the adaptive and the classical sparse grids needed a relatively large number of model eval-
uations due to the high dimensionality of the problem. However, the number of model evaluations used by the adaptive
algorithm was less by a factor of 10 compared to the classical approach. The adaptive algorithm recognized that the model
was more sensitive to property changes in the source region and sampled more points there compared to other regions.
Fig. 13 shows the total number of unique nodes selected in each region (i.e., the number of unique diffusion coefficient
nodes and the number of unique removal coefficient nodes). The same figure shows that the algorithm placed more impor-
tance on the diffusion coefficient than the removal coefficient. In fact, the algorithm considered the removal coefficient to
be constant in all regions at the nominal value except in the source region where it was considered to be a linear factor.
Moreover, the projection of the points on the plane of diffusion and removal coefficients in the source region (Fig. 14)
shows that more importance was given to lower values of the diffusion coefficient because the solution is smoother for
higher diffusivity.

The POD-Adaptive algorithm sampled 8815 points but only 336 points were included in the ROM. The small fraction
of important points indicates that the algorithm was oversampling the model, which can be attributed to the higher di-
mensionally of this problem. Despite that the algorithm eventually recognized the important dimensions, all dimensions
needed to be searched at the initial steps, which increased the number of evaluations. As a test for the refinement criterion,
we run the algorithm with the same tolerances again but by not including the ancestor points. Not including the ancestor
points is equivalent to marking all candidate points C* as important without considering their ancestry first (i.e., Equation
33 becomes Z¥ = Ck). The algorithm without the ancestors converged after 12313 sampling points. The same set of 1000
random points used to test the default ROM was used to test the ROM resulting from this strategy. The resulting error
per iteration is shown in Fig. 11a. From this figure, it can be seen that both strategies were equivalent for the first three
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Fig. 12. Diffusion: Comparison between the POD-Adaptive ROM and the reference model at the point with maximum error resulting from the test on 1000
random points. The ROM produced the simulation faster than the reference model by a factor of 40.

iterations. However, the strategy of including the ancestors reduced the error further and eventually converged with less
model evaluations. This indicates that by not including the ancestor points in this problem, some behaviour of the reference
model is overlooked, which results in increased model evaluations to compensate for the missing dynamics.

The solution resulting from the ROM at the point with the maximum error is shown in Fig. 12a and the reference solution
at the same point is shown in Fig. 12b and the absolute difference is in Fig. 12c. The POD-Adaptive model outperformed
the reference model in the time required to simulate 1000 points by a factor of 40. This factor represents the computational
time required to simulate 1000 points with the reference model over the computational time required to simulate the same
points with the ROM model. However, the histogram of the error in Fig. 11b shows that only 15.6% of the tested points
resulted in an error above the required tolerance. At this stage, the validation algorithm was started in order to reduce this
percentage. We initiated the validation stage with the top 20 random points corresponding to the highest relative error.
The validation algorithm required an additional 14532 points before convergence. However, only 21% of these points were
included in the ROM. Then, we tested this model with a new set of 1000 random points. With this model, all tested points
were less than the tolerance with the maximum relative error found to be 0.6%. With the additional validation points, the
total number of model evaluations was 23,347.

In Table 5, we compare models built with different values of the greediness parameter w. Evidently, a greedy algorithm
is an overkill for this problem because the percentage of utilized points was very small. By choosing a w value of 0, the
number of model evaluations was massively reduced. This can be explained by the fact that most dimensions of this problem
were linear or only mildly non-linear. From Fig. 13, we can deduce that, out of the 18 dimensions, 8 were considered
constant (only 3 nodes were sampled along each of them), and 6 were considered linear (with 5 nodes). The greedy setting
(i = 1), however, caused the algorithm to constantly search along these irrelevant dimensions as well in every iteration.
By setting p = 0, the algorithm disregarded every point that had a backward point that was seen to be unimportant in
previous iterations. Naturally, such non-greedy strategy resulted in overlooking some of the dynamics and the accuracy was
deteriorated somewhat (e.g. 3.1% maximum error vs 1.6%). Nevertheless, reducing the value for the interpolation threshold
compensated for the lower accuracy and resulted in a ROM model that outperformed the greedy model both in terms of
the accuracy and the number of evaluations.

5.3. Test Case 3: modified Morris function

The Morris function is a single valued function in 20 dimensions that was developed to test optimization algorithms
[43]. In order to test the POD-Adaptive algorithm, we propose a modified version by having the output as a field defined
over a 2-dimensional plane. We propose the modified Morris function as follows:

20 20 20
fx) = Zﬁ,-w,- sin(irrxq) + Zﬂi,jw,-wj sin(imrxq) sin(jmrxp) + Z Bi,jiwiw jw sin(imr x1) sin(jm xa) cos(Irx1)
i=1 i<j i<j<l
20
+ Z Bi.j1,sWiW jw W sin(im x1) sin(j7r x3) cos(lmw x1) cos(smwxz), (68)
i<j<l<s

where x1,x € [0, 1], and
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Fig. 13. Diffusion: number of nodes in each region selected by the adaptive algorithm showing the importance of the regions as discovered by the algorithm.
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2( L1k —0.5), fori=3.57
Wi =

Ai+0.1 (69)
2% —0.5), otherwise,
where A; is the input parameter defined uniformly on the interval [0, 1] and the constants 8 defined as
5 = 20, fori=1,...,10 Bi _ )10, fori,j,l=1,...,5
" Tl (=1, otherwise, il "o, otherwise,
—15, fori,j=1,...,6 5, fori,j,l,s=1,...,4
Bij= Bijls= (70)

(=1, otherwise, 0, otherwise.

The modified Morris function is parametrized on 20 dimensions corresponding to A;. The function is linear in all dimen-
sions except three: A3, A5, and A7. A ROM was built using the POD-Adaptive algorithm with relative tolerance () equal
to 5 x 1073, absolute tolerance (Z,ps) Set to 5 x 10™4, interpolation threshold (¥in¢) equal to 5 x 1073, truncation threshold
(%) equal to 10712, and the greediness parameter = 1.
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Table 5
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Diffusion: Results of comparing different ROM models by varying the greediness parameter /.

% Number of model evaluations % of utilized points Maximum relative L, error % of points < pe|
1 8815 3.8% 1.6% 84.4%
0.5 1720 9.8% 2.3% 77.4%
0 385 41.6% 3.1% 41.6%
0? 1577 40.0% 1.0% 99.9%
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Fig. 15. Modified Morris: Maximum relative error per iteration after the test on 1000 random points and histogram of the relative error at the same points
for the POD-Adaptive ROM after convergence.

This problem was found to be challenging to the algorithm due to the higher dimensionality and the oscillatory nature of
the solution. The algorithm converged after sampling 44,297 points, but only 1874 points were admitted to the ROM, which
implied that the algorithm was oversampling. The produced ROM model was tested on 1000 random points after each
iteration. Fig. 15a shows the maximum relative error resulting from the tests as a function of the number of evaluations.
For comparison, the error from a ROM with classical sparse grid sampling is also shown on the same figure. The classical
approach requires significantly more points. The main reason for the difference in performance is that the POD-Adaptive
algorithm correctly recognized that A3, A5, Ay are nonlinear and selected 31 unique nodes for A3, 31 nodes for As, and 29
nodes for A7. For all other dimensions, 5 nodes were sampled, which is an accurate linear assumption.

Moreover, lower values of A; were found to be more important than higher values. This is illustrated in Fig. 16, which
shows the projection of the sampled points on the A; — A3 plane. The selected important points are also marked on the
figure. For A1, the algorithm selected 5 nodes and marked only 3 as important (the centre root node and the boundaries).
On the other hand, A3 is nonlinear and was more refined in the lower region. Identifying this important region enabled
the algorithm to reduce the number of evaluations considerably compared to the classical approach. Comparison between
the ROM and the reference solution at the point of maximum error is shown in Fig. 17a and Fig. 17b while Fig. 17c shows
the absolute difference between the two solutions. Histogram of the error (Fig. 15b) shows that the error almost followed
a normal distribution around the set tolerance but only 44.3% of the points were strictly below the tolerance. The reference
model for the modified Morris function was implemented with nested loops which required about 3 seconds to complete
a single evaluation. The time to evaluate 1000 points with the reference model was about 3241 seconds while the ROM
model needed only 33 seconds to evaluate the same points, which is a reduction by about a factor of 100 in computational
time.

On Fig. 153, we also show the effect of reducing the greediness of the algorithm (decreasing (). Table 6 summarizes the
differences in performance between these models. As expected, lower values of the p converged faster but with reduced
accuracy. We notice again that the non-greedy ROM model with ;& =0 and reduced interpolation threshold (yj, = 1073)
was the best compromise between accuracy and efficiency. In order to highlight the difference in the sampling scheme with
respect to varying u, Fig. 16 shows the projection of the sampled points on the A; — A3 plane for the two cases of greedy
=1 and non-greedy i = 0. At the boundaries of A1, we notice that, for every refinement along A3, the algorithm also
searches the children of these boundaries (nodes 0.25, and 0.75). However, A; is linear and these points never reveal any
significant dynamics to be marked important. This search creates an unnecessary line of points at the inner nodes 11 =0.25,
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Table 6

Modified Morris: Results of comparing different ROM models by varying the greediness parameter jt.

n Number of model evaluations % of utilized points Maximum relative L, error % of points < {re|
1 44,296 3.8% 0.88% 44.3%

0.5 19,852 8.9% 111% 148 %

0 9928 17.2% 1.15% 13.3%

0? 13,872 22.4% 0.3% 100%

: Yint = 10_3-
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Table 7
Summary of results for all test cases using it =0 and ¥ = 1073,
Dimensionality Required number of Speed-up factor* Maximum relative % of points < pe|
model evaluations Ly error
Point Kinetics Setting 1 5 401 5 1.06% 99.9%
Setting 2 5 77 5 0.27% 100%
Diffusion 18 1577 40 1.0% 99.9%
Modified Morris 20 13,872 100 0.3% 100%

* The speed-up factor is the ratio of the computational time required to simulate 1000 points with the reference model to the computational time required
to simulate the same points with the ROM model.

and 0.75. Of course, this line is repeated for all linear dimensions, which is one of the causes for the additional cost in model
evaluations compared to the non-greedy setting. For the case of y =0, this line is eliminated because the algorithm stopped
searching dimension A; after this dimension was found to be linear along the line A3 = 0.5. This successfully reduced the
number of model evaluations without loss in accuracy.

6. Conclusions

We have presented a practical approach for integrating the locally adaptive sparse grid technique with the POD method
to develop a nonintrusive ROM algorithm. The local adaptivity provides an effective sampling scheme for the POD snapshots
while the hierarchical interpolant builds a surrogate model for the POD amplitudes. For increased robustness of the refine-
ment strategy, the ancestor points are prioritized when selecting the important points. We also introduced a greediness
parameter that provides additional control of the number of model evaluations during the construction phase. Additionally,
a validation algorithm was presented with the purpose of not only to certify the model after convergence but also enhanc-
ing it once a discrepancy is detected. In addition, an efficient way of updating the surpluses with every POD modes update
was presented, which reduces the computational burden of recalculating the interpolant after each iteration.

The developed POD-Adaptive algorithm was tested numerically on three applications. In all tests, the algorithm consid-
ered the system as a black box without any knowledge of the equations being solved. Table 7 summarizes the results of
all test cases for values of ;t =0 and yj,; = 1073, Every ROM model was then tested on random points that were not part
of the training set. In all test cases, the built ROM model was able to reduce the computational time and provide solutions
in good agreements with the reference model (errors were within the set tolerances). The computational time to perform
these simulations was reduced by a factor of 5 in the Point kinetics case, by a factor of 40 in the Diffusion case, and by
a factor of 100 in the modified Morris case. We compared the POD-adaptive with the classical (non-adaptive) sparse grids
technique. The POD-Adaptive reduced the number of model evaluations compared to the classical approach significantly.
This was most evident in the nonlinear cases (i.e., Point Kinetics Setting 1, Diffusion, and the modified Morris function). For
linear and smooth problems, as in the Point Kinetics Setting 2, both the adaptive and the classical approaches provided sim-
ilar performance. For all applications not only did the algorithm recognize the important dimensions but it also recognized
the important range within that dimension. Therefore, although the method is locally adaptive, it is also implicitly (globally)
dimension adaptive.

The greediness parameter reduced the total number of model evaluations and improved the utilization of the sampled
points significantly. As expected, problems with higher dimensions tend to have a smaller percentage of utilized points. The
models for the Diffusion and the modified Morris problems utilized around 4% of the points whereas the lower dimensional
Point Kinetics model included 15% of the points. This indicates that the algorithm explored the parameter space for these
problems by oversampling the reference model. By reducing the greediness parameter, the quantity and utilization of the
sampled point were improved. It was shown that this improvement compromised the accuracy of the model to some extent.
Nevertheless, the lost accuracy was recovered with a reduced interpolation threshold (yi¢), and a compromise between
accuracy and efficiency was achieved. While the risk of overlooking localized dynamics is increased for a reduced w, the
developed validation stage can reveal any missing dynamics and update the ROM model in such cases.

The algorithm can still be improved with the regards to the sampling and utilization of points. For large scale, very
high-dimensional problems (e.g. in the hundreds), the main limitation of the algorithm is the large number of model evalu-
ations potentially required. Knowledge of the physics of the system can be helpful to screen and reduce the dimensionality
a priori. Additionally, limiting the range of the input parameters will restrict the space in which the algorithm searches
the domain. We can also use a different unidimensional rule that limits the scope of the search to specific important
regions. For example, we can choose a rule with no boundary points if we know that the sensitivity of the model to vari-
ations at the boundaries are small. Moreover, using higher order basis functions is an interesting area to investigate for
reducing the number of model evaluation and improving the utilization of the points. These areas are subjects of future
research.
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