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Generating Nested Quadrature Rules with Positive Weights based on Arbitrary
Sample Sets*

Laurent van den Bos'#, Benjamin Sanderse’, Wim Bierbooms?, and Gerard van Bussel*

Abstract. For the purpose of uncertainty propagation a new quadrature rule technique is proposed that has
positive weights, has high degree, and is constructed using only samples that describe the probability
distribution of the uncertain parameters. Moreover, nodes can be added to the quadrature rule,
resulting in a sequence of nested rules. The rule is constructed by iterating over the samples of
the distribution and exploiting the null space of the Vandermonde system that describes the nodes
and weights, in order to select which samples will be used as nodes in the quadrature rule. The
main novelty of the quadrature rule is that it can be constructed using any number of dimensions,
using any basis, in any space, and using any distribution. It is demonstrated both theoretically and
numerically that the rule always has positive weights and therefore has high convergence rates for
sufficiently smooth functions. The convergence properties are demonstrated by approximating the
integral of the Genz test functions. The applicability of the quadrature rule to complex uncertainty
propagation cases is demonstrated by determining the statistics of the flow over an airfoil governed
by the Euler equations, including the case of dependent uncertain input parameters. The new
quadrature rule significantly outperforms classical sparse grid methods.
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1. Introduction. The problem of uncertainty propagation is considered, where the interest
is in the effect of uncertainties in model inputs on model predictions. The distribution of the
quantity of interest is assessed nonintrusively, i.e., by means of collocation. Problems of this
form occur often in engineering applications if boundary or initial conditions are not known
precisely. The canonical approach is first to identify uncertain input parameters, second to
define a distribution on these parameters, and finally to determine statistics of the quantity
of interest [42, 18, 23]. These statistics are defined as integrals and various techniques exist to
approximate these. However, in practice it often occurs that the distribution of the uncertain
parameters is known only through a sequence or collection of samples and that the distribution
is possibly correlated, e.g., the distribution is inferred through Bayesian analysis. The goal
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of this work is to construct collocation methods that are accurate for determining integrals
when only samples of the distribution are known.

Several approaches exist to tackle problems of this type. In many cases the well-known
and straightforward Monte Carlo approach is not applicable due to its low convergence rate
of 1/v/N (with N the number of model evaluations) and instead collocation techniques based
on polynomial approximation can be constructed to alleviate this for reasonably small dimen-
sionality. Often these techniques are based on knowledge about the input distribution, for
example, its moments. A popular technique to choose evaluation nodes is the sparse grid
technique [35, 26], which has been extended to a more general, correlated setting (mostly in a
Bayesian setting, e.g., [31, 43, 4, 10]), provided that high order statistics of the distribution are
known exactly. Other collocation techniques that can be applied to the setting in this work
are techniques to consider the collocation problem as a minimization problem of an integration
error [34, 16], to construct nested rules based on interpolatory Leja sequences [19, 24, 37], or
to apply standard quadrature techniques after decorrelation of the distribution [25, 9]. All
these approaches provide high order convergence, but require that the input distribution is
explicitly known.

On the other hand, procedures that directly construct collocation sequences on samples
without using the input distribution directly have seen an increase in popularity, possibly
due to the recent growth of data sets. A recent example is the clustering approach pro-
posed in [8]. Another technique is based on polynomial approximation directly based on
data [27] or iteratively with a focus on large data sets [33, 41]. These approaches do not
require stringent assumptions on the input distribution, but often do not provide high order
convergence.

In this article, we propose a novel nested quadrature rule that has positive weights. There
are various existing approaches to construct quadrature rules with positive weights. Examples
include numerical optimization techniques [17, 16, 30], where oftentimes the nodes and weights
are determined by minimization of the quadrature rule error. A different technique that is
closely related to the approach discussed in this article is subsampling [29, 32, 36, 39], where
the quadrature rule is constructed by subsampling from a larger set of nodes. Subsampling
has also been used in a randomized setting [41], i.e., by randomly removing nodes from a large
tensor grid, or to deduce a proof for Tchakaloff’s theorem [1, 5].

The quadrature rule proposed in this work is called the implicit quadrature rule, because
it is constructed using solely samples from the distribution. The nodes of the rule form a
subset of the samples and the accompanying weights are obtained by smartly exploiting the
null space of the linear system governing the quadrature weights. Using a sample set limits
the accuracy of the rule to the accuracy of the sample set, but an arbitrarily sized sample set
can be used without additional model evaluations. The computational cost of our proposed
algorithm scales (at least) linearly in the number of samples and for each sample the null space
of a Vandermonde matrix has to be determined (whose number of rows equals the number
of the nodes of the quadrature rule). The main advantage of using a sample set is that the
proposed quadrature rule can be applied to virtually any number of dimensions, basis, space,
or distribution without affecting the computational cost of our approach. Moreover it can
be extended to obtain a sequence of nested distributions, allowing for refinements that reuse
existing (costly) model evaluations.

Copyright © by STAM and ASA. Unauthorized reproduction of this article is prohibited.



Downloaded 06/09/20 to 145.94.75.32. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

POSITIVE QUADRATURE RULES ON ARBITRARY SAMPLE SETS 141

This article is set up as follows. In section 2 the nomenclature and properties of quadrature
rules that are relevant for this article are discussed. In section 3 the implicit quadrature rule is
introduced and its mathematical properties are discussed. The accuracy of the quadrature rule
is demonstrated by integration of the Genz test functions and by determining the statistical
properties of the output of a stochastic partial differential equation (PDE) modeling the
flow over an airfoil. The numerical results of these test cases are discussed in section 4 and
conclusions are drawn in section 5.

2. Preliminaries. The quantity of interest is modeled as a function u: 2 — R, where Q is a
domain in R? (with d = 1,2,3,...). The parameters = € Q are uncertain and their distribution
is characterized by an arbitrarily large set of samples, denoted by Yx = {yo,...,yx} C Q2
(with K € N). In other words, the parameters x have the following discrete distribution:

| X
= N5l —
pic(e) = g3 D20k~ wil),
k=0
where ¢ denotes the usual Dirac delta function and || - || denotes any norm (the only necessary

property is that ||a|| = 0 if and only if a = 0). The function u is not known explicitly but can
be determined for specific values of z € Q (e.g., it is the solution of a system of PDEs). The
goal is to determine statistical moments of u(x), e.g., to accurately determine

TS

(2.1) Ty = /Q u(e) (@) dr = 7 3 ului),
k=0

where higher moments can be determined by replacing u(x) with u(x)? for given j. Notice that
if yj, are samples drawn from a known (possibly continuous) distribution p, (2.1) approximates
an integral weighted with this distribution, i.e.,

(2.2) Iy = /Qu(a;) pi(z)de =~ Tu = /Qu(x) p(x) dz.

We will assume throughout this work that a large number of samples can be determined
fast and efficiently or is provided beforehand. There exist various methods to construct sam-
ples from well known distributions (such as the Gaussian, Beta, and Gamma distribution) [6],
from general distributions by means of acceptance rejection approaches, or from unscaled
probability density functions by means of Markov chain Monte Carlo methods [22, 13]. An
example of acceptance rejection sampling that we will use throughout this text to visualize
our methods is depicted in Figure 1.

If K + 1 samples Yx = {yo,...,yx} are given, (2.1) could naively be evaluated by de-
termining u(yx) for all k. However, it is well known that such an approximation is very
computationally costly in many practical problems. Instead we approximate the moments by
means of a quadrature rule, i.e., the goal is to determine a finite number of nodes, denoted by
the indexed set Xy = {z¢,...,zn} C Q, and weights, denoted by Wy = {wo,...,wy} C R
such that

N
TE)y ~ Zu(xk)wk = Ag\ff)u.
k=0

Copyright © by STAM and ASA. Unauthorized reproduction of this article is prohibited.
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Figure 1. The ezample used throughout this work: a uniform distribution restricted to the gray sets (with
1000 samples dotted in black).

The operator A%() is the quadrature rule operator using the nodal set X. We omit the
number of samples K from the notation if it is clear from the context.

Three properties are relevant in deriving quadrature rules: accuracy, positivity, and nest-
ing. These properties are briefly discussed in subsections 2.1 to 2.3. The terms nodes and
samples are sometimes used interchangeably in a quadrature rule setting. This is not the case
in this article: samples are elements from sample sets statistically describing a distribution
(called Yk ), whereas nodes are the collocation points from a quadrature rule (called X ).

2.1. Accuracy. We enforce that the quadrature rule is accurate on a finite-dimensional
function space, denoted by ®p := span{¢y, ..., pp} throughout this article. Here ¢y,...,¢p
are basis polynomials with deg ¢; < deg ¢y, for j < k, such that ®p C ®pq for any D. In the
univariate case, this is equivalent to enforcing that the quadrature rule has degree D. In the
multivariate case, the quadrature rule has at least degree @ if dim ®p > (Q:{d). The operator

A%{) is linear, hence if D = N and K is given, the weights can be determined from the nodes
by solving the following linear system:

(2.3) Ao, =1 for j=0,...,D.

In the univariate case, this linear system is nonsingular if all nodes are distinct. This does
not hold in general in the multivariate case or if D £ N.

The linear system (2.3) will be used often in this work to ensure the accuracy of the con-
structed quadrature rules. The matrix of this system is called the (multivariate) Vandermonde

matrix V. If a basis ¢y, ..., @p is given, the system of (2.3) can be alternatively written as
K
wo(zo) -+ olen)\ [wo u
Vp(Xn)w = : : 3 B
¢p(xo) -+ ¢plen)) \wy )
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Here, ug-K) are known as the (multivariate) raw moments of the samples Y, i.e.,
(K) 1 ZK
K) _ . — 7).
Ky = K+ 1 = wi(yr) =L ;.

Throughout this article it is assumed that ®p is a polynomial space of minimal degree
and that ¢ is a monomial for each k. Multivariate polynomials are sorted using the graded
reverse lexicographic order. All methods discussed in this article can also be applied if the
polynomials are sorted differently (i.e., a sparse or an orthonormal basis is considered) or if
the basis under consideration is not polynomial at all (e.g., sinusoidal). The only imposed
restriction is that g is the constant function.

The matrix Vp(Xy) might become ill-conditioned if it is constructed using monomials
even for small N. Since this matrix is used to construct quadrature rules in this article,
this can limit the applicability of the methods discussed here. In this article, all quadrature
rules have been constructed using (products of) Legendre polynomials, which resulted in a
sufficiently well-conditioned matrix for moderately large N and D.

2.2. Positivity, stability, and convergence. Any constructed quadrature rule in this ar-
ticle has solely positive weights for two reasons: stability and convergence. We call such a
quadrature rule simply a positive quadrature rule. Both stability and convergence follow from
the fact that the induced co-norm of Ag\lf() (which is the condition number of A%{) as u(()K) =1)
equals the sum of the absolute weights, i.e.,

N
K K :
HAE\, )Hoo = sup |A§\, )u] = Z |wg|, with ||u]lec = maé(\u(x)\
lulloo=1 pod ze

This norm is minimal for quadrature rules with positive weights. In these cases, we have that
for all K,

N N
(24) A oo = D™ funl = > wy = 1= 701,
k=0 k=0

If a function v is perturbed by a numerical error €, say, 4 = u + ¢, this does not significantly
affect A%()u:

K K)~ K ~
AN = ARl < AR ol = il = <.
This demonstrates that a quadrature rule with positive weights is numerically stable, regard-
less of the nodal set under consideration.

Convergence can be demonstrated similarly. This can be observed by applying the Lebesgue
inequality [2]. To this end, let gp be the best approzimation of u in ®p, i.e.,

gp = argmin ||u — ¢l|cc-
qe®p
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Here, we assume without loss of generality that this best approximation exists. By using
.A%() qp = I gp, the Lebesgue inequality follows:

12Uy — Ag{,{)u! =25y — 2F) gp + 7 gy — A%()u\
= 28y — 7B gp + A qp — ANl
< 20y — 2F) gp | + 14 gp — Al
= 125w — gp)| + |AY (a0 — )|

K
< NZ) ool = b lloo + AS ol = gp]loo-

If wy, = |wg], it holds that HA%()HOO = | Z5)||o = 1 (see (2.4)) and convergence follows readily
if ||lu — ¢pllec — 0 for D — o0, i.e.,

(2.5) IZE)y — A <2 inf Ju— qfoo.
q€®p

The rate of convergence depends on the specific characteristics of u: if the space ®p (here
polynomials) is suitable for approximating u, the error of the quadrature rule will decay fast
(e.g., exponentially fast if u is analytic). It is well known that w can be approximated well
using a polynomial if among others u is absolute continuous in a closed and bounded set €2,
but various other results on this topic exist [14, 38, 2].

Notice that the error of the quadrature rule Ag\l,()u with respect to Z)u does not depend

on the accuracy of the moments ug-K)
resolve ,u,g-K) accurately. This can be seen as follows. Assume the samples Y are drawn from
a distribution p:  — R and let Z be the integral from (2.2) weighted with this distribution.
Even though |Zg; — K )tpj] can become large for increasing j, the error of the quadrature

rule is not necessarily large:

, 1.e., on whether the number of samples is large enough to

(Zu — AN ul < [Zu— T u|+ |20 — A ).

Sampling error Quadrature error

The error depends on two components. The sampling error describes whether the number of
samples is large enough to approximate the integral of u (which is independent of ¢;), whereas
the quadrature error describes whether the quadrature rule is accurate (which depends on ¢;,
but not through the samples; see (2.5)). The quadrature error is conceptually different from
the sampling error and often decreases much faster in N than the sampling error does in
K. As we assume an arbitrarily sized sequence of samples is readily available to make the
sampling error sufficiently small, this article will focus on the quadrature error.

2.3. Nesting. Nesting means that Xy, C Xy, for some N; < Ny, i.e., the nodes of a
smaller quadrature rule are contained in a larger quadrature rule. This allows for the reuse
of model evaluations if the quadrature rule is refined by considering more nodes. We will call
such a quadrature rule, with a little abuse of nomenclature, a nested quadrature rule (because
strictly speaking it is a nested sequence of quadrature rules).

Copyright © by STAM and ASA. Unauthorized reproduction of this article is prohibited.
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A nested quadrature rule has the additional favorable property that it can be used to
provide an error estimate of the approximated integral. If the quadrature rule converges to
the true integral, i.e., Ayu — Zu, then |An,u — An,u| should converge to 0:

|An,u — An,u| < |An,u — Zul + |An,u — Zu| — 0, for Ny, No — .
Therefore, the quantity |An,u — An,u| can be used to estimate the accuracy of An,u. If

XN, C XNn,, this error estimation can be calculated without any additional model evaluations.

3. Implicit quadrature rule. The implicit quadrature rule is a quadrature rule that is
constructed using an arbitrarily sized sequence of samples. The crucial equation in the method
is (2.3), which can be written as

N

K
K) . K 1 .
(3.1) Zgoj(xk)wk = ,ug- ), with ,u;- ) = K11 Z(pj(yk), for j=0,...,D.
k=0 k=0
Given a sequence of basis functions ¢y, . . ., ¢p, the left-hand side of this equation only depends

on the quadrature nodes Xy and weights Wy, whereas the right-hand side of the equation
only depends on the samples Yx. The goal is to determine, based on the K + 1 samples in
the set Y, a subset of V 4+ 1 samples that form the nodes Xy of a quadrature rule in such a
way that (3.1) is satisfied and such that the corresponding weights are positive. The existence
of such a subset is motivated by the Tchakaloff bound [5], which states that there exists a
quadrature rule with positive weights with N = D if &, encompasses polynomials (as in this
article).

The approach to determine the quadrature rule is to use an iterative algorithm: starting
from an initial quadrature rule, the nodes and weights are changed iteratively while new
samples y; are added. Redundant nodes are removed while ensuring that the accuracy of the
quadrature rule does not deteriorate. This iterative step, which is the key idea of the proposed
algorithm, is sketched in Figure 2. By repeatedly applying this step, a quadrature rule that
validates (3.1) is obtained.

Our algorithm is explained in the next two sections. First, in subsection 3.1 we propose
a method for a slightly simpler problem: we fix D (or ®p) and determine at which nodes

K« K+1
® ® ® remove
[ ] [ ] [ ] [ ] X
[ ] [ ] .yK+1 [ ] [ ]
[ ) [ ) [ ) [ ) [ ) [ )
[ ] [ ] [ ]
K K+1 K+1
A7 PR e

Figure 2. The implicit quadrature rule proposed in this work. Given a quadrature rule that integrates K

samples (Agf)), a node Yx+1 18 added such that a rule is obtained of one more node (Ag\ﬁtl)). Finally, one

or more nodes are removed to obtain a quadrature rule of fewer nodes (AgVKH)).

Copyright © by STAM and ASA. Unauthorized reproduction of this article is prohibited.



Downloaded 06/09/20 to 145.94.75.32. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

146 VAN DEN BOS, SANDERSE, BIERBOOMS, AND VAN BUSSEL

the model should be evaluated to integrate the sample moments while preserving positivity
of weights. Second, in subsection 3.2 this method is extended to create sequences of nested
quadrature rules with increasing D, increasing K, or both. In other words, given N model
evaluations, we determine a subset of the samples such that (3.1) is satisfied and the provided
N model evaluations are reused.

3.1. Fixed implicit rule. The goal is to construct a positive quadrature rule integrating
all p € ®p exactly, where D is provided a priori. The quadrature rule will consist of (at
most) D + 1 nodes in this case. Without loss of generality, it is assumed that D < K, i.e.,
the number of available samples is at least as large as the dimension of ®p.

The initial step is to consider Yp and to construct the following quadrature rule for N = D:

X](VD) = YD = {y07 v »ZID}>

W) ={1/(D+1),...,1/(D+1)}.

The upper index describes the set of samples used for the construction, in this case Yp, and
the lower index describes the number of nodes of the quadrature rule (i.e., o, ...,zy). This
initial rule simply approximates the moments by means of Monte Carlo and it is obvious that
(3.1) holds for K = D.

(K) (K)

The iterative procedure works as follows. Assume X ', Wy’ form the positive quad-
rature rule integrating all ¢ € ®p exactly. This quadrature rule has the property that
A%() p; = ,ug.K) for j =0,...,D. The goal is to construct a quadrature rule that also has this
(K+D) 25 the right-hand side. To this end, let yx1 be the

J
next sample and straightforwardly determine X J(V[ijl) and W](Vlitl) as follows:

property, but with the moments

K+1 K
X](\Url ) = X](v av {yr41}s

(3.2) (K+1) K+1 (K) 1
v =(\k2) " )N w2

ie., yg+1 is “added” to X](\,K) (hence xn+1 = yr+1) and the weights are changed such that

the quadrature rule again integrates the sample moments. The latter can be seen as follows:

N N
K+1 K+1 1
kZOSOj(fEk)K n 5 Wk + m%@NH) “ K12 2 oj(zr)wi + m%’(fﬂz\fﬂ)
K
K+1 1 1
T <K+1 2% @k)) t ratilen)
1 K+1 ( )
_ L ' _ (K41
—KJFQ;O%(%) o

Here, wj, are the weights from the original quadrature rule, i.e., wy € W](VK). We will use vy,

to denote the weights from the updated quadrature rule, i.e., vy € W](Vlflrl) .

Copyright © by STAM and ASA. Unauthorized reproduction of this article is prohibited.
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If W](VK) consists of positive weights, then so does W](Vlflrl). The problem with this simple
update is that, compared to the original nodal set, the quadrature rule now requires an
additional node to integrate all p € ®p exactly, resulting in a total of N + 2 nodes.
In order to construct a quadrature rule that requires only N + 1 nodes (while preserving

positive weights and integrating ,u(KH)

J
rule X](VISII), following the procedure outlined in [36]. The procedure has an insightful geo-

metric interpretation, as it is based on Carathéodory’s theorem and convex cones. In this
article the linear algebra interpretation is used in order to facilitate the removal of multiple
nodes later in this work.

exactly), one node will be removed from the extended

The Vandermonde matrix of the extended quadrature rule, i.e., Vp(X ](V[i_tl)), is as follows:
wo(zo) .- wolen)  wolzni1)
K41 . . :
VD(XJ(V-:I )) = : . : :
ep(zo) ... ¢plan) ep(@Ni1)

This is a (D + 1) x (N + 2)-matrix (with N = D), so at least one nontrivial null vector
¢ =(co,...,cng1)" of this matrix exists, i.e.,

C

wo(zo) ... wolzn) wolTni1) 0
: ' : : =0.

C

ep(zo) ... ¢plen) ¢p(rni1) N

CN+1

Any multiple of ¢ is also a null vector. Hence it holds for any « € R that

ac
¢o(zo) ... wolzn)  po(zn+1) 0
: ' : : =0,
ac
¢p(ro) ... ¢plan) ¢p(Tni1) N
QCN+1
and by combining this with (3.1), but now for ,ug-KH), we obtain the following;:
vy — Q¢ K+1
vo(z0) - olen)  polenir) o py Y
' . ) VN — acy (K+1)
¢ (o) ¢p(rn) ¢p(rni1) UN1 — GCN 1 ns

This equation can be interpreted as a quadrature rule depending on the free parameter a with
nodes X](Vliﬁl) and weights {vy — aci | k= 0,...,N + 1}. The parameter o can be used to
remove one node from the quadrature rule, as nodes with weight equal to zero can be removed
from the quadrature rule without deteriorating it. There are two options, a = a1 or a = ag:

. (%3 Vi
al—mkm( ]ck>0) = —*,

Ck Cky
Vg Vg

ag=max | — | ¢ <0 | = —2.
k Ck Cky
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The sets {vy — aici} and {vg — aack} consist of nonnegative weights and (at least) one weight
equal to zero. Both a; and ag are well defined, because ¢ has both positive and negative
elements. The latter follows from the fact that ¢q is assumed to be a constant and that c is
not equal to the zero vector, i.e.,

N+1 N+1
0= wolar)er =0 ) e
k=0 k=0

The desired quadrature rule that integrates all ¢ € ®p exactly and consists of N = D
nodes can be constructed by choosing either ¢ = 1 or ¢« = 2 and determining the nodes and
weights as follows:

XU = X PN {a, ),

WYY = {op —aier | k=0, ki — Lk +1,..., N +1}.

This rule has N + 1 nodes and integrates the moments ,ug-KH) for j =0,...,D exactly. Note
that to include the case of two weights becoming zero simultaneously (e.g., the symmetric
quadrature rules of [36]), these sets can be implicitly defined as follows:

Q

chKH) = {'Uk — iy | v € WLTY and vy > aick}

XD {xk | x € X](Vfiil) and v > aick},

with @ < N < D. Without loss of generality, we assume that Q = N throughout this article.

The correctness of this method follows from the fact that the first D+1 sample moments of
the first K samples are integrated exactly using the constructed quadrature rule after iteration
K. Therefore by construction the following theorem is proved.

Theorem 1. Let Ag{,{) be a positive quadrature rule operator such that

K .
Ag\f)@jzug )forjzo,...,D

with N = D. Then after applying the procedure above, a positive quadrature rule operator

A%(H) 1s obtained such that

For different sample sets, even when drawn from the same distribution, the procedure
constructs different quadrature rules. If desired, this nondeterministic nature of the quad-
rature rule can be eradicated by using deterministic samplers, such as quasi Monte Carlo
sequences [3]. These are not used in the quadrature rules constructed in this article, as these
sequences are generally not straightforward to construct for distributions with a noninvertible
cumulative distribution function. Another aspect of the algorithm that can create variation
in the resulting quadrature rules is the choice of the parameter «. It is possible to incorpo-
rate knowledge about the integrand in the choice for a at each iteration, but in this article
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Algorithm 1. The implicit quadrature rule.

Input: Samples {yo, ..., YKku. }» Po = span{pg,...,¢n}
Output: Positive quadrature rule Xy = {zo,...,zn}, Wn = {wo,...,wy} with N =D

1: Initialize X](VD) ={vyo,...,yp}

2 Tnitialize W) = {1/(D+1),...,1/(D + 1)}

3: for K=D,..., K. — 1do

4 Add node: XU XU U {yreia}

5: WD« (K +1)/(K + 2)W{7 U {1/(K +2)}

6: Update weights: Construct VD(X](\ﬁJ;l))

7 Determine (nontrivial) ¢ such that Vp (X](Vﬁtl))c =0
8: oy + ming(vg/ck | e > 0), with v € W](VIE:U

9: g + maxg (vg/ck | e, < 0), with vy € WJ(VI_(FT)

10: Choose: Either o + a1 or o < o

11: Remove node: X](VKJrl) — {xk ’ Ty € X](VK;gl) and wy > Ozck}

12: W](VKH) — {wk —acy | wy € W](Vlflrl) and wy, > ack}
13: end for

14: Return X](VK’““), W](VKmax)

the smallest value is used, because it is assumed that we do not have a priori knowledge
about the integrand.

The steps of the method are outlined in Algorithm 1 and examples of implicit quadrature
rules obtained using sample sets drawn from well-known distributions are depicted in Figures 3
and 4. In Figure 3, the nodes and weights are shown for various polynomial degrees D,
based on Kmax = 10° samples drawn from several common univariate distributions. For
the distributions with compact support, the nodes cluster at the boundaries of the domain.
However, the nodes exhibit an irregular pattern upon increasing the degree, and determining

[ |
0 02 04 06 0.8 1
12 ® 000 00 000 000
10 o ee 00 o coee o
Q 8 60 o 000 o o o
6 e o 0 0o o o
4 4 —e—o ———— 4
0 02 04 06 08 1 0 02 04 06 08 1 -4 -2 0 2 4
(a) U[0,1] (b) 5(10,10) (c) N(0,1)

Figure 3. Ezamples of implicit quadrature rules for various degrees, using the same 10° samples for each
degree.
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Figure 4. Three implicit quadrature rules of 25 nodes (using different symbols) determined using the
bivariate uniform distribution restricted to the gray area, using three different permutations of a set of 10°
samples.

a quadrature rule with a higher degree does not result in a nested rule (this will be addressed
in subsection 3.2). In the second example, nodal sets are generated in two dimensions on two
different irregular domains; see Figure 4. This shows a major strength of the proposed implicit
quadrature rule: it can be applied to arbitrary sample sets, including domains that are not
simply connected, and positive weights are still guaranteed. Depending on the ordering of the
samples in the set, different nodes and weights are obtained, indicating that the quadrature
rules for these sets are not unique. It is generally not possible to obtain exactly the same
quadrature rule for two permutations of the sample set, since choosing either a; or ag can
be exploited to preserve only a single node in the rule. Theoretically this can be resolved by
removing multiple nodes from the rule, as will be done in the next section, though it is often
unfeasible to do so.

3.2. Nested implicit rule. The approach of the previous section can be used to construct
a quadrature rule given the number of basis vectors D and a fixed number of samples K.
For varying D these quadrature rules are, however, not nested. In this section the algorithm
is extended such that the constructed quadrature rules contain nodes that can be provided
beforehand. By providing the nodes of an existing quadrature rule, a sequence of nested
quadrature rules can be constructed.

The problem setting is as follows. Let Xy be an indexed set of quadrature rule nodes
and assume a desired number of basis vectors D is specified, with D > N. The goal is to
add M nodes to Xy in order to obtain a positive quadrature rule with nodes Xnyas (so
XN C Xnya) that integrates all ¢ € ®p exactly. Note that in general all weights will differ,
ie., Wy & Wiy We desire to add a small number of nodes, thus M to be small, but it is
straightforward to observe that M is bounded as follows:

D<N+M<N+D+1.

The first bound D < N + M describes that a quadrature rule constructed with our algorithms
does not integrate more basis functions exactly than its number of nodes. The second bound
N+ M < N+ D + 1 describes that it is possible to simply add a quadrature rule with D + 1
nodes to the existing quadrature rule by setting all existing weights to 0. This is often not
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desired in applications but provides a theoretical bound on the number of nodes obtained
using our algorithms.

Algorithm 1 can be straightforwardly extended to incorporate nodes that are provided
beforehand. The algorithm proceeds as usual, with the difference that nodes can be removed
only if they were added during the algorithm but not if provided in advance. This approach
yields a sequence of nested quadrature rules but is not optimal because it results in a quad-
rature rule with (possibly many) more nodes than necessary. Therefore the null space of the
Vandermonde matrix Vp(Xy) is multidimensional. In such a case there are multiple nodes
that can be removed together, even though removing the nodes individually yields a quad-
rature rule with negative weights. For example, removing two nodes from the rule yields a
positive rule, but removing only one of the two yields a negative rule.

In this section the focus is therefore on the removal step of Algorithm 1, which is ex-
tended to incorporate the removal of multiple nodes. By combining such an algorithm with
Algorithm 1 the nested implicit quadrature rule is obtained.

Sequentially removing multiple nodes that result in a positive quadrature rule can result
in intermediate quadrature rules with negative weights. Therefore the first step is to extend
the removal procedure outlined in subsection 3.1 such that it supports negative weights. This
is discussed in subsection 3.2.1. The main algorithm that generalizes the approach of the basic
implicit rule is presented and discussed in subsection 3.2.2. With this algorithm, the nested
implicit quadrature rule follows readily, which is discussed in subsection 3.2.3.

3.2.1. Negative weight removal. The procedure from the previous section determines
a1 and ao that can be used for the removal of a node. However, the equations for a; and
ag were derived assuming positive weights. In this section, similar equations will be derived
without assuming positive weights.

Let Xy, Wy be a quadrature rule with (possibly) negative weights. The goal is to remove
one node to obtain Xy_; and Wy_; such that the resulting quadrature rule has positive
weights and Ay_1¢; = Ayp; for j =0,..., N — 1. As introduced before, let Vy_i(Xy) be
the respective N x (N 4 1) Vandermonde matrix and let ¢ € RN*! be a nontrivial null vector
of that matrix. The goal is to have only positive weights; hence with the same reasoning as
before, we obtain the following bound:

wy, — acy, > 0 for all k and a certain «.

This translates into two cases:

> wy /e, for all k with ¢ < 0,
< wy/c  for all k with ¢ > 0.

Hence the following bounds should hold for any such a:

Qmin < a < Qmax with

wk wkmin
Omin = mkax (C | cx < O> =
k

Ckmin
. Wk Wi
(3.3) Omax = Min (c | e > 0> = 07“‘“
k kmax
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Such « does not necessarily exist, but if it does, either @ = amin Or @ = @max can be
used to remove either the node xj_. or zy, ., respectively, from the rule (as their weight
becomes 0). The case with only positive weights (which was considered in subsection 3.1) fits
naturally in this, with a3 = amax and as = ampin. If all weights are positive, it is evident that
Omin < 0 < amax.

Even a stronger, less trivial result holds: if amax < min, then no node exists that results
in a positive quadrature rule after removal, and if i, < amax, there exist exactly two nodes
such that removing one of the two results in a quadrature rule with positive weights. In other
words, determining o, and amax as above yields all possible nodes that can be removed
resulting in a positive quadrature rule. The details are discussed in the proof of the following
lemma.

Lemma 2. Let Xn, Wy be a quadrature rule integrating all p € ®n exactly. The following
statements are equivalent:

1. amin < Qmagz-

2. There exists an x, € Xy such that the quadrature rule with nodes Xn \ {zk,} that
integrates all ¢ € ®n_1 exactly has nonnegative weights.

3. Let any x, € Xn be given such that the quadrature rule with nodes Xn \ {xg,} that
integrates all o € Oy_1 exactly has nonnegative weights. Then the weights of this rule,
say Wy_1, are formed by

WN_1 = {wk — QC ’ k 7é ]C()},

where ¢y are the elements of a null vector of Vn_1(Xn) and either a = aupin or
= Qmqg-

Proof. The proof consists of three parts: 1 — 2 — 3 — 1.
(1 —2). Proving 1 — 2 follows immediately from the removal step outlined above (see

(3.3)).
(2 — 3). Suppose 2 holds and let =, be given. Without loss of generality assume kg = N.
Let Wi —_1 be the weights of the quadrature rule nodes Xy_1 = Xy \{zn} and let w,gN) e Wy

and w,(gN_l) € Wy _1. It holds that the nodes X and weights Wy form a quadrature rule that

integrates all ¢ € @y exactly and that the nodes X_; and weights W _1 form a quadrature
rule that integrates all ¢ € ®_; exactly. Therefore for j =0,..., N — 1 the following holds:

N R .

-1
Z:SDJ'(M)W;(C = > pi(ar)wg Y
k=0 k=0

so for these j it follows that

N—-1
3 pilan) W™ — w4 pi(an)ly) = 0.
k=0

Hence the vector ¢ € RV¥*! with elements ¢, = w,(gN) — w,E/,Nfl) (and ey = w](VN)) is a null

vector of Viy_1(Xy). Then it follows that o = 1. Without loss of generality, assume that
Cko 7& 0.
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The remainder of this part consists of demonstrating that either @ = ayin or @ = Qupax.

Assume cg, > 0 (with kg = N). It holds that w,gf)v) = ¢k, and w,(CN) > ¢, for all other k. For

all k with ¢ > 0 (including ko), we therefore obtain

(N)
Yk > 1.
(&3]

Equality is attained at k& = kg, hence 1 = min(w,gN)/ ¢k | ck > 0) = amax. In a similar way it
can be demonstrated that if ¢, < 0, we have 1 = max(wliN) /ck | e < 0) = aumin, concluding
this part of the proof.

(3 — 1). Suppose 3 holds and let the weights be given as in the lemma. Let auin, Omax,
kmin, and kmax be given. By definition of amax, it holds that ¢y, > 0 (see, (3.3)). So if
> Qmax, then wy - < acg,,,.. So to have positive weights, we must have o < ayyax.

Similarly we have that ¢, < 0 and therefore if a@ < apin, it holds that wy_. < acy
So to have positive weights, we must have o > apin.

If there exists an « such that apmin < o and a < apay, it must hold that amin < amax. M

min *

The lemma demonstrates that oy and amax from (3.3) can be used to determine whether
there exists a node that yields a positive quadrature rule after removal (i.e., if amin < aumax)
and if such a node exists, either amin Or max can be used to determine it (by determining
ko as in the proof). If aupax > @min, no such node exists, but this is not an issue, since the
algorithm to construct quadrature rules discussed in this article does by construction not end
up in this case.

3.2.2. Removal of multiple nodes. Let Xy and Wy form a positive quadrature rule. In
this section, the goal is to determine all subsets of M nodes that have one specific property in
common: removing those M nodes results in a positive quadrature rule of N + 1 — M nodes
that exactly integrates all ¢ € ®x_ps. We call a subset with this property an M-removal.
Hence in the previous section a procedure has been presented to determine all 1-removals.

Lemma 2 is the main ingredient for deriving all M-removals. The idea boils down to the
following. Let an M-removal be given, say, (q1,...,qy) C Xn. If the first M — 1 nodes from
this M-removal are removed, the Mth node ¢p; can be determined straightforwardly using
Qmin OF Qmax from (3.3). There are two possible values of o (namely either apin or amax),
hence there exists a second node, say, G, such that (q1,...,qnp—1,qa) is also an M-removal.
The order in which the nodes are removed is irrelevant, so each node g can be replaced in
this way by a different node g resulting in a valid M-removal, i.e., a set of M nodes that can
be removed while preserving positive weights and obtaining a quadrature rule that exactly
integrates all ¢ € ®n_py.

We denote the procedure of obtaining a different M-removal from an existing one by the
operator F: [Xy[M — [Xn]™, where [Xn]™ denotes the set of all M-subsets of Xy. If
(q1,--.,qn) is an M-removal, applying F' yields the M-removal (q1,...,qr—1,4n). Such an
operator is well defined, since Lemma 2 prescribes that there exist exactly two M-removals
whose first M — 1 elements equal q1,...,qy—1. Notice that the operator F', which depends
on the nodes and weights of the quadrature rule, can be computed by determining o,y and
Omax from Lemma 2 after removal of ¢1,...,qnm—1.
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By permuting the M-removal before applying F', one M-removal yields (up to a permuta-
tion at most) M other M-removals. These M-removals can be considered in a similar fashion
and recursively more M-removals can be determined. This procedure yields all M-removals,
which is demonstrated in the following lemma.

Lemma 3. Let (q1,...,qm) and (s1,...,8p) be any two different M -removals of the posi-
tive quadrature rule Xy, Wy . Let the operator F': [XN]M — [XN]M, as described in the text,
be such that

F(qi,...,qu-1,qm) = (q1, - -, qm—1,4m)

for a given M-removal (q1,...,qm), i-e., it replaces qpr by G such that (qu, ..., qr—1,40) 18
an M-removal. Then there exists a finite number of permutations o1,...,0, such that
(cioFoogoFo---oFoop_10Foon)(qy.--,qm) = (S1,--,8M)-

Proof. Let Fj,: [XN}M — [XN]M be the operator that first permutes g to the end of the
M-removal and second applies F, i.e.,

Fk(Qla-‘wQM):F(Qlw-~an—1an+1a---7QM7Qk):((Ihu-,Qk—lan-&-lan-aQMank)‘

Notice that Fj, = F o m, where 7, denotes the permutation that appends q;. Hence if there

exist ki,..., kp such that Fy, o---o Fy (qi,...,qn) equals (s1,...,Sy) up to a permutation,
the proof is done.

Consider Wy = {wy,...,wy} and let Vx_p(Xn) be the Vandermonde matrix with re-
spect to this quadrature rule. This is an (N — M + 1) x (N + 1)-matrix, so there exist M
linearly independent null vectors c!,...,c™ € RN¥*1. We use the following notation for the
vector c”:

k k kT
c” = (cg,---,CN) -
Let a = (o, ...,apr) be an M-tuple and consider the following set:

M
S=(a=(a,...,ap) | for allk:(),...,NWithwk—Zozjc,i20
j=1

The set S is a closed simplex, as it is formed by a finite number of linear inequalities.
Moreover it is nonempty, as (0,...,0) € S (this follows from the fact that wy > 0 for all k).

The boundary of S, i.e., 05, is of special interest. If (ay,...,ap) € 95, it holds that
wg — Z;‘il ajc; = 0 for at least one k. At vertices of the simplex, the highest number of
weights, namely M, is 0. The operator F}j can be used to traverse the vertices of the simplex.
The simplex S for determining a 2-removal for a quadrature rule of three nodes is sketched in
Figure 5.

Consider an M-removal q = (q1,...,qar). There is exactly one M-tuple a = (a1, ..., anr)
resulting in the removal of these nodes. These a’s coincide with a vertex of simplex S.
Applying Fj, to q yields a different M-tuple. These two M-tuples are connected through an
edge of the simplex. Due to Lemma 2 all M-tuples that are connected to e through an edge
can be found. Therefore, for a given vertex, the operator Fj yields all connected vertices and
can be used to traverse the boundary of the simplex. This concludes the proof. |
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Qg

Figure 5. Graphical sketch of the simplex describing the removal of two nodes from a quadrature rule of
three nodes. The gray area describes the simplex where all values of (a1, a2) yield positive weights. The operator
F, (see proof of Lemma 3) can be used to traverse the boundary of the simplex.

The statement of the lemma is constructive: given a single M-removal, all M-removals can
be found. By repetitively constructing a 1-removal using the methods from subsection 3.2.1,
an initial M-removal can be obtained (which is a vertex of the simplex S discussed in the
proof). Lemma 3 ensures that any other M-removal can be reached from this removal. An
outline of this procedure can be found in Algorithm 2. The computational cost of calculating
the null vectors can be alleviated by decomposing Vy_p(Xn—ps) (e.g., using an LU or QR
decomposition) once and computing the null vectors of Viy_ns(Xn—_ar41) in the loop by reusing
this decomposition.

The time complexity of this algorithm is O(Z log Z+Z(N—M)?), where Z is the number of
M-removals. Here, the term Z log Z originates from storing all visited M-removals efficiently
using a binary search tree (which results into Z lookups that scale with log Z) and the term
Z (N —M)?3 is obtained by factorizing Viy_ 17 (Xn_ar) and repeatedly computing the null vector
of VN_m(Xn-nr+1) using this factorization. Algorithm 2 always terminates, as the number
of subsets of M nodes is strictly bounded. Combining this with the proof of Lemma 3 proves
the following theorem.

Theorem 4. On termination, Algorithm 2 returns all M -removals of the positive quadrature
rule Xy, Wh.

Theoretically, Algorithm 2 can be used to determine all quadrature rules AE\I,() with

.AS\I,()go =ZIF)y for all ¢ € ®p. All these rules are obtained by computing all M-removals
with M = K — N of the quadrature rule Xx = Yx with wy =1/(K +1) forall k =0,..., K.
However, in practice this is intractable, as the number of M-removals grows rapidly in M and
K — N is typically a large quantity.

3.2.3. The nested implicit quadrature rule. In this section the key algorithm of this
paper is presented, namely the nested implicit quadrature rule for arbitrary sample sets. It
is constructed by combining the algorithms from the previous sections. Given a quadrature
rule, two different refinements (or a combination of both) are considered. First, the number
of samples K can be increased to obtain a more accurate estimate of Mg-K). Second, D can be
increased to obtain a more accurate quadrature rule.
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Algorithm 2. Removing multiple nodes.

Input: Positive quadrature rule Xy, Wy, integer M with 1 < M < N +1
Output: All M-removals of Xy, Wy

1: Construct VNfM(XN)
2: Determine M independent null vectors ¢ of Viy_n(Xn)
3: Construct an M-removal, say q < (q1,...,qn) C Xy (e.g., by repeatedly using Lemma 2)
4: I < {q}, the set containing all queued removals
5: R < (), the set containing all processed removals
6: while I # () do
7 Get the first removal from I, say q < (q1,...,qm) C XN
8: Remove q from I, ie., I + I\ {q}.
9: fori=1,...,M do
10: Construct Xny_ps+1 and Wx_pr41 by removing (g1, - -, Gi—1, Git1s- - qM)
11: Determine ¢ such that Vy_p(Xny-par41)c =0
12: Compute Gmin, Mmax, Kmin, Kmax from (3.3)
13: if ¢; = Thopax then
14: qu <~ Thoin
15: else
16: Gi 4 Thpax
17: end if
18: a <« (q1y---,Gi—1,GisGit1, - - -, qrr), which is an M-removal
19: if ¢ I and q ¢ R then > NB: this means we have not visited vertex q yet.
20: Add qto I,ie., I+ ITU{q}
21: end if
22: end for

23: R+ RU{q}
24: end while
25: Return R

The set-up is similar to the one used so far, i.e., let {yx} be a sequence of samples, X](VK)

be a set of nodes, and W](VK) be a set of nonnegative weights and assume the following holds
for a certain D:
N
Zcpj(a:k)wk = ug-K), for j=0,...,D, x € X](\,K)7 and wy € W](\,K).
k=0
Let Dy and K be the desired number of basis vectors and (possibly larger) number of
(K4)

samples, respectively, and assume D, > D. The goal is to determine X Nli Wy and WJ(V[-(&-JE\ZI such
that W](V[fj& is nonnegative, XJ(VK) C X](Vfi+]\)4,, and

N+M

Z i(rp)wg = ,U,E-K+), for j=0,...,Dy, 2 € X](fo:]\)p and wy, € W](VIE&

k=0
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In other words, we consider K samples Yk, and want to determine a positive quadrature
rule that integrates all ¢ € ®p_ exactly by adding M nodes to X (with M minimal).

The iterative procedure is similar to Algorithm 1 and consists of four steps: (i) determine
or obtain the next sample yx1, (ii) update the nodes and weights according to (3.2), (iii)
determine all possible removals (see Algorithm 2), and finally (iv) remove nodes such that
the obtained quadrature rule is as small as possible. The last step consists of finding the M-

removal such that X](VI?AZ\X](VK) (i.e., the set of new nodes) becomes as small as possible. If a

node z € X](VK) is part of the M-removal, its weight is simply set to 0 (this is not problematic:
the weights change again in subsequent iterations).
The initialization of the algorithm depends on whether more basis vectors are considered,
a larger number of samples is considered, or the set of samples is changed (e.g., the sequence
of samples is redrawn):
1. If D = D and K4 > K, the procedure is a continuation of the original Algorithm 1
and no initialization is necessary.

2. If Dy > D, we need to reiterate over all samples to determine ,ug»K) for j > D. The
(K)

algorithm can be initialized using X ;"’ as nodes, using all weights equal to 1 /(N +1),
and using the samples Yy, \Xng).

3. If the sequence of samples is regenerated from the underlying distribution, then in
general X](VK) ¢ Yk, . Therefore, the algorithm is initialized with XZ(VKH) U{yo} and
W = {o,...,0,1}.

The outline of this algorithm is provided in Algorithm 3, which is a straightforward ex-
tension of Algorithm 1 with additional bookkeeping to incorporate the removal of multiple
nodes. Some examples of nested sequences are gathered in Figures 6 and 7. In the first figure
all three nodal sequences are initialized with the nodes 0, 1/2, and 1. If these nodes are used
to construct conventional interpolatory quadrature rules, then the quadrature rule is positive
if the uniform or Beta distribution is used but has negative weights if the normal distribution
is considered (the weights are 3, —4, and 2, respectively). However, the proposed algorithm
incorporates these nodes without difficulty in subsequent quadrature rules, resulting in posi-
tive weights. Note that the quadrature rules of polynomial degree 4 have six nodes in case of
the Beta and normal distribution. The subsequent quadrature rules of the normal distribution
have a higher number of nodes than the degree, which is due to the “bad” initial set of nodes.

A two-dimensional example is presented in Figure 7. Here, the initial quadrature rule is
depicted with closed circles and its extension thereof with open circles.

Again it holds that different sample sets produce different quadrature rules. Similarly as
in subsection 3.1, this can be eradicated by using deterministic samplers. An additional degree
of freedom arises when choosing the M-removal, as there might be several M-removals that
remove the largest number of nodes from X](Vlf:]& X](VK). In the quadrature rules constructed
in this work, we select one randomly.

The large advantage of the nested implicit quadrature rule is that it is dimension agnostic,
basis agnostic, space agnostic, and distribution agnostic, which are properties it carries over
from the basic implicit quadrature rule. Virtually any space and any distribution can be used,
as long as the distribution has finite moments and a set of samples can be generated, can be
determined, or is available.
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Algorithm 3. The nested implicit quadrature rule.

Input: Samples {yo,...,Yk,..}» quadrature nodes Xy, ®p = span{pq,...,¢op}
Output: Positive quadrature rule Xy, Wi

1 Tnitialize X\ and W, e.g., XV« Xn, WV« {1/(N +1),...,1/(N + 1)}
2: M+ 0
3: for K =N, ..., Kpax do

Add node: X](VIT]—\}[L — X](V[i)M U{yx-n~}

4

5 WUt (K +1)/(K +2)W,, U {1/(K +2)}
6: M« M+1

7: Update weights: Construct VD(XJ(VIiJ;\}))
8
9

1

Determine null vectors c!, ..., c™ and determine all M-removals

Choose: Let 9 = (q1,...,qnm) be an M-removal
> NB: we choose the one that makes X](Vfij\}) \ Xn the smallest.
10: Remove node: Let (aq,...,ap) such that wy = Z]Ail ozjc}€ for all k with z; € q
11: Me#{xkeX](\ﬁf\}) | z) ¢ Xy and wk—zj]\ilajci:()}
K+1 K+1 M j
12: X](V+M)<—{:L‘k€X](V+M) |wk—zj:1ajc,7€>00r mkEXN}
(K+1) M j (K+1)
13: WN+M — {wk =Y im i |y € X yanr }
14: M+ M
15: end for
16: Return X](Vﬁ"}@x), W&ﬁ"ﬁx)
[ | [ | || .
0 0.2 04 06 08 1 0 02 04 06 08 1 0 0.2 04 06 08 1
12 o0 o 00 o o o e 12 ®© 0000 00 000 0 o 12 @ oo ecowoece c0e o
10 000 00 0 o 0 o 10 @ o eee cee 000 o
Q 8 ®© 060 000 0 0 o Q 8 ® oo ocec cee e
° o o 6 ® o0 ocee oo
4 4 | o o 4
0 0.2 04 06 08 1 0 0.2 04 06 08 1 -4 -2 0 2 4
(a) U[0,1] (b) £(10,10) (c) N(0,1)

Figure 6. Ezamples of nested nodal sets constructed with 10° samples. The initial nodes are in all three
cases [0,1/2,1].

4. Numerical examples. Two different types of test cases are employed to demonstrate
the discussed properties of our proposed quadrature rule, in particular the independence from
the underlying distribution.

The first class of cases consists of explicitly known test functions and distributions to
assess the accuracy of the quadrature rule for integration purposes. To this end, the Genz
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Figure 7. The implicit quadrature Tule of 25 nodes (closed circles) and 50 nodes (open and closed circles)
respectively determined using the uniform distribution restricted to the gray area, using 10° samples. The colors
refer to the weights of the largest quadrature rule.

integration test functions [11] are employed and a comparison is made with a Monte Carlo
approach. Moreover, it is instructive to see how the convergence compares with that of a
sparse grid, although the comparison is strictly incorrect, as a Smolyak sparse grid converges
to the true integral.

Second, a PDE with random coeflicients is considered, where the goal is to infer statistical
moments about the solution of a PDE with random boundary conditions. The equations under
consideration are the inviscid Euler equations modeling the flow around an airfoil, where the
inflow parameters and the shape of the airfoil are assumed to be uncertain.

The Genz integration test functions are studied in subsection 4.1. The Euler equations
are considered in subsection 4.2.

4.1. Genz test functions. The Genz integration test functions [11] are a set of test func-
tion to assess the accuracy of numerical integration routines; see Table 1. Each test function
has a certain attribute that is challenging for most numerical integration routines. The exact
value of the integral of any of these test functions on the unit hypercube can be determined

Table 1
The test functions from Genz [11]. All d-variate functions depend on the d-element vectors a and b. The
vector b is an offset parameter to shift the function. The vector a describes the degree to which the family
attribute is present.

Integrand family Attribute
u1(z) = cos (27rb1 + Zle aixi) Oscillatory
u2(x) = H?:l (ai—z + (zi — bi)2)_1 Product peak

—(d+1)
) Corner peak

(
(z)
uz(z) = (1 + Z‘Z:l a;T;
(x) = exp (- 20, af (i — bi)Q) Gaussian
(z) E 2?21 ailzi — bz|) Cy function
if 1 > b1 or k2 > b
exp (Z?:l aiwi) otherwise

o

Discontinuous
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exactly. In this section, these functions are used to test the implicit quadrature rule. The goal
is to assess the absolute integration error for increasing number of nodes in a five-dimensional
setting, i.e., to assess

Knlax
(Kmax) 1
ey = |A U— — U
N o 1 2= )]
k=0
for samples yo, . . ., YKx,.., and various increasing N. The number of samples is chosen such that

the quadrature error dominates and the sampling error [Z(Kmax)y, — T4 is small. We compare
the approximation with that of a Monte Carlo approach, where we assess the following error:

1 N 1 Kmax
EN = N+1 ZU(yk) T Ko + 1 Z u(yk)

k=0 m k=0

)

i.e., it is considered as a quadrature rule with nodes {yx} and weights 1/(N +1). If the under-
lying distribution is tensorized, we also study the Smolyak sparse grid, which is constructed
using exponentially growing Clenshaw—Curtis quadrature rules in conjunction with the com-
bination rule [26]. The sparse grid converges to the true value of the integral and therefore
we use the true value of the integral to assess its convergence, even though the comparison is
not completely fair in this case.

The numerical experiment is repeated twice for two different input distributions. First,
the uniform distribution is used to be able to compare the methodology with conventional
quadrature rule methods. Second, a highly correlated multivariate distribution (inspired by
Rosenbrock function) is used to demonstrate the independence of the convergence rate from
the input distribution.

To obtain meaningful results, the offset and shape parameters a and b of the Genz func-
tions are chosen randomly and the numerical experiment is repeated 50 times. The obtained
50 absolute integration errors are averaged. The vector a is obtained by first sampling uni-
formly from [0,1]° and second scaling a such that ||als = 5/2. The vector b is uniformly
distributed in [0, 1]5 without further scaling, as it is an offset parameter.

The implicit quadrature rule is generated with K.y = 10* samples drawn randomly from
the two input distributions respectively and the Monte Carlo approximation is determined
using a subset of these samples, such that both the Monte Carlo approximation and the
implicit quadrature rule converge to the same result. The initial quadrature rule of one
single node is determined randomly and the rule is extended by applying Algorithm 3. Each
extension is such that D doubles, up to D = 219 = 1024, but we emphasize that any granularity
can be used here. Recall that ®p = span{¢o,...,¢p}, where ¢; are d-variate polynomials
sorted graded reverse lexicographically. Hence each extension integrates a larger number of
polynomials exactly. For sake of completeness, a comparison is made with a nonnested implicit
quadrature rule, which is regenerated for each D by means of Algorithm 1.

4.1.1. Uniform distribution. The multivariate uniform distribution in [0,1]¢ (with d =
5 in this case) can be constructed by means of a tensor product of multiple univariate
uniform distributions. It is therefore possible to approximate the integral using the well-
known Smolyak sparse grid. The results of the four integration routines under consideration
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(Monte Carlo, nested and nonnested implicit quadrature rules and Smolyak sparse grid) are
depicted in Figure 8. Here, N denotes the number of nodes of the quadrature rules and the
Smolyak sparse grid is refined by increasing the sparse grid level equally in all dimensions.

The accuracy of a quadrature rule is highly dependent on the analyticity and smoothness
of the integrand. Globally analytic functions can be approximated well using polynomials,
Le., infyea, [|¢ — ulloo decays fast. This property is reflected in the results.

The first four Genz functions (i.e., u1, ug, ug, and u4) are smooth and therefore the most
suitable for integration by means of a quadrature rule. The best convergence is observed
for the oscillatory, product peak, and Gaussian function, which are analytic. The corner
peak is analytic, but has very slowly decaying derivatives, such that the quadrature rule
approximation only converges exponentially fast for very large numbers of nodes (which are
not considered here).

The continuous (but not differentiable) Cy function follows a similar reasoning. It is not
globally analytic, hence no exponential convergence is obtained. The Smolyak quadrature rule
has a slightly larger error in this case compared to the implicit quadrature rule (arguably due
to its negative weights), even though it seems that the rate of convergence is similar.

Integrating the discontinuous function by means of a positive quadrature rule does not
yield any improvement over Monte Carlo sampling. The Smolyak sparse grid performs worse
in this case due to its negative weights and usage of the Clenshaw—Curtis quadrature rule
(which is not suitable for integration of discontinuous functions).

4.1.2. Rosenbrock distribution. The large advantage of the implicit quadrature rule is
that it can be constructed using any arbitrary set of samples. In order to assess this applica-
bility to general distributions, the following distribution (which we will call the Rosenbrock
distribution) is considered:

p: RT = R, defined by p(z) o exp [—f(z)] 7(z),

with 7 the PDF of the multivariate standard Gaussian distribution and f (a variant of) the
multivariate Rosenbrock function:

d—1

f(x) = f(x1,...,2q) = Z [b(zip1 — )2 + (a— :BZ)Q] with ¢ = 1 and b = 10.

i=1
The distribution p for d = 2 is depicted in Figure 9. This distribution is not optimal for
integration by means of a sparse grid as it is not tensorized. Integration by means of a sparse
grid converges prohibitively slow, even if the quadrature rules used for the construction are
based on the marginals of the distribution. Therefore these results are omitted.

The ezact integral over the corner peak function us diverges in this case, so approximating
such an integral will result in a diverging quadrature rule. The results of the other functions
are gathered in Figure 10.

Similarly to the uniform case, the properties of the functions are reflected in the con-
vergence rates of the approximations. The integrals of the smooth functions converge fast
with a high rate, the convergence of the Cy function is smaller, and the convergence of the
discontinuous function is comparable to that of Monte Carlo. This result is significant, as

(K)

it demonstrates that the convergence rate of .A%() to the sampling-based integral Z\*/ for

N — K shows no significant dependence on the sample set used to construct the rules.
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Figure 8. Convergence of the absolute integration error for Genz test functions using the nested and
nonnested implicit quadrature rules, Monte Carlo sampling, and the Smolyak sparse grid using the uniform

distribution.
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1)

T

Figure 9. The bivariate Rosenbrock distribution.

4.2. Airfoil flow using Euler equations. In this section the flow over an airfoil is consid-
ered with uncertain geometry and inflow conditions. The quantity of interest is the pressure
coefficient of the airfoil. The problem is five-dimensional: two parameters model uncertain
environmental conditions and three parameters model the uncertain geometry of the airfoil.
The geometry is described by the 4-digit NACA profile and the equations governing the flow
are the inviscid Euler equations. Problems of this type are well known in the framework
of uncertainty propagation [20, 40, 21] and allow us to demonstrate the applicability of the
proposed quadrature rule to a complex uncertainty propagation test case in conjunction with
a complex underlying distribution.

The five uncertain parameters are summarized in Table 2. The angle of attack and Mach
number are distributed independently from the other parameters and describe uncertain inflow
conditions. The remaining three parameters define the 4-digit NACA airfoil [15]. A NACA
airfoil can be generated directly from these parameters and the mean of these parameters is
approximately a NACA2312 airfoil. In this work the NACA airfoil with closed tip is considered
by correction of the last parameter.

The compressible Euler equations are numerically solved using the finite volume solver
SU2 [7, 28]. The mesh is generated using gmsh [12]. The implicit quadrature rules are deter-
mined by means of K. = 10 randomly drawn samples from the distributions described in
Table 2, which are also being reused for consecutive refinements.

The quantity of interest in this test case is the pressure coefficient on the surface of the
airfoil Cy(z), i.e., the scaled pressure such that zero pressure equals a nonobstructed flow:

p (x ) — Poo
Cp(z) = F—5—
%Poovozo

Here, p(x) is the pressure at location z, ps is the freestream pressure (i.e., the pressure on the
boundary in this case), pso is the freestream density of air, and V is the freestream velocity
of the fluid. The quadrature rule is applied piecewise to this quantity, where all pressure
realizations are piecewise linearly interpolated onto the same mesh. Accuracy is measured by
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nonnested implicit quadrature rules and Monte Carlo sampling using the Rosenbrock distribution.
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Table 2
Uncertain parameters of the airfoil test case.

Parameter Distribution
o Angle of attack Uniform in [0°,5°]
M Mach number Beta(4,4) distributed in [0.4,0.6]
t Maximum thickness of the airfoil Beta(4,4) distributed in [0.11,0.13]
m  Maximum camber Beta(2, -) distributed in [0.02,0.03] with mean:
m = 1/4t* + 0.02
p Location of maximum camber Uniform distributed in [0.3, pmax] with

Pmax = & (2t +16m)° + 0.3

using the lift coefficient, which is the dimensionless coefficient relating the lift generated by
the airfoil with the farfield fluid density and velocity. It follows naturally by integrating the
pressure coefficient over the airfoil surface. In Figure 11(a) we used the quadrature rule Anu
with u = C), and in Figure 11(b) we used the quadrature rule with v = Cj.

The number of nodes of the quadrature rule is doubled until the difference between two
consecutive quadrature rule estimations of the mean of the pressure coefficient is smaller than
10~2, which is the case at 512 nodes. The results are summarized in Figure 11 and high order
convergence is clearly visible. Both the mean and the standard deviation show convergence
with a larger rate than that of Monte Carlo (i.e., larger than 1/2). We want to emphasize the
importance of positive weights for this engineering test case, as it ensures the estimation of
the variance is nonnegative even in the presence of high nonlinearities.

The moments of the pressure coefficient around the airfoil are depicted in Figure 12, where
the airfoil geometry that is plotted is the overlap of all airfoils (such that all depicted flow
locations are in the flow for all quadrature rule nodes).

109

+M
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101

1072

10—3

|./4NU — AN/2U|

10~4

0 02 04 06 08 1 10° 10t 102 103

Figure 11. Left: Mean u and standard deviation o of the pressure coefficient (Cp) of the airfoil determined
using the finest quadrature rule. Right: Convergence of the mean p and standard deviation o of the lift coefficient
(C1) by calculating consecutive differences.
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Figure 12. The first four centralized moments of the pressure coefficient around the airfoil.

The largest uncertainty of the flow is near the leading edge of the airfoil. This is in
contrast to higher Mach number flows, for which it has been observed that the region of largest
uncertainty occurs near the shock wave [37, 40]. The skewness of the pressure coefficient shows
that its distribution is slightly skewed near the stagnation point on the leading edge of the
airfoil. The skewness changes sign at the mean angle of attack. Moreover in the wake of the
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airfoil the distribution has positive skewness, which means that outliers of the distribution will
more likely be larger than smaller compared to the average pressure coefficient. The kurtosis
demonstrates that in many regions of the flow the distribution has much less mass in the
tails than a Gaussian (and therefore more unlikely produces outliers). However, again near
the leading edge and trailing edge the distribution differs and the tails of the distributions
are significantly more influential. We cannot conclude that these locations are the regions of
highest uncertainty, as the standard deviation (which is the scaling factor of both the skewness
and the kurtosis) is very small in these regions. It is merely a sign that the uncertain behavior
of the flow cannot be fully captured by a Gaussian distribution.

5. Conclusion. In this article, a novel nested quadrature rule is proposed which is con-
structed by solely using samples from a distribution. As the weights of the rule are positive,
high order convergence is obtained for sufficiently smooth functions. The algorithm to con-
struct the quadrature rule ensures positive weights, high degree, and nesting regardless of the
sample set. The quadrature rules are very suitable for the purpose of nonintrusive uncer-
tainty propagation, because positive weights ensure numerical stability and nesting allows for
refinements that reuse computationally expensive model evaluations.

The results from integrating Genz test functions demonstrate that the convergence rate of
the quadrature rule is similar to that of the Smolyak sparse grid approach, if the underlying
sample distribution is uncorrelated and defined on a hypercube. The real advantage of the
proposed quadrature rule appears when this is not the case: for correlated distribution on
nonhypercube domains our method still converges at a rate similar to the uncorrelated case,
while a sparse grid quadrature rule hardly converges at all. Similar to the existing quadrature
rules, the convergence depends on the specific properties of the integrand, in particular on its
smoothness.

To demonstrate the applicability to practical test cases, the quadrature rule is used to
determine the statistical moments of an airfoil low with both independent and dependent
input distributions. The results demonstrate the advantages of the quadrature rule: nesting
can be used for easy refinements, positive weights ensure stability and positive approximations
of positive quantities (such as the variance), dependency is naturally taken into account, and
the accuracy of the rule yields high convergence rates.

The proposed algorithms provide a framework for the construction of quadrature rules
that shows much potential for further extensions. For example, tailoring the basis to the
integrand can yield an adaptive quadrature rule without deteriorating the accuracy of the
rule as a whole. As the rule is solely based on sample sets, no stringent assumptions are
necessary to apply the quadrature rule in such a different setting.
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