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ABSTRACT We propose novel adaptive quadrature schemes based on an active learning procedure.
We consider an interpolative approach for building a surrogate posterior density, combining it with Monte
Carlo sampling methods and other quadrature rules. The nodes of the quadrature are sequentially chosen
by maximizing a suitable acquisition function, which takes into account the current approximation of the
posterior and the positions of the nodes. This maximization does not require additional evaluations of the
true posterior. We introduce two specific schemes based on Gaussian and Nearest Neighbors bases. For
the Gaussian case, we also provide a novel procedure for fitting the bandwidth parameter, in order to build
a suitable emulator of a density function. With both techniques, we always obtain a positive estimation of
the marginal likelihood (a.k.a., Bayesian evidence). An equivalent importance sampling interpretation is
also described, which allows the design of extended schemes. Several theoretical results are provided and
discussed. Numerical results show the advantage of the proposed approach, including a challenging inference
problem in an astronomic dynamical model, with the goal of revealing the number of planets orbiting a star.

INDEX TERMS Active learning, Bayesian quadrature, emulation, experimental design, Monte Carlo

methods, numerical integration.

I. INTRODUCTION AND BRIEF OVERVIEW
In this work, we consider the approximation of intractable
integrals of type

I:/f(x)fr(x)dx,
X

where f(x) is a generic integrable function and 7 (x) is a
probability density function (pdf). These integrals usually
appear in Bayesian inference problems where 77 (x) represents
the posterior distribution of the variable of interest given the
observed data. In the next subsections, we briefly review sev-
eral approaches presented in the literature, which are related
to the methodology presented this work.

A. MAIN FAMILIES OF QUADRATURE METHODS

With the term numerical integration, we refer to a broad
family of algorithms for calculating definite integrals, and
by extension, the term is also used to describe the numerical
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solution of differential equations. Although exact analyti-
cal solutions to integrals are always desirable, such “‘uni-
corns’ are rarely available, specially in real-world systems.
Indeed, many applications in signal processing, statistics,
and machine learning inevitably require the approximation of
intractable integrals [1]-[3]. In particular, Bayesian methods
need the computation of posterior expectations which, gener-
ally, are analytically intractable [2], [4]. The term numerical
quadrature (or simply quadrature) is employed as a synonym
for numerical integration [1]. More specifically, a quadrature
formula is often stated as a weighted sum of integrand eval-
uations at specified points (a.k.a., nodes or knots) within the
domain of integration.

1) DETERMINISTIC QUADRATURES

A first family of numerical integration methods are the
deterministic quadrature rules. A subclass within this fam-
ily is the Newton-Cotes quadrature rules [1]. The Newton-
Cotes formulas are based on evaluating the integrand at
equally spaced nodes and are obtained by substituting the
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integrand function with a corresponding polynomial interpo-
lation. Smaller approximation errors can often be obtained
by using the Gaussian quadratures, where the nodes are
optimally placed [1], [5], [6]. However, their applicability is
restricted to certain particular cases.

2) MONTE CARLO (MC) METHODS

A second family is formed by stochastic quadrature rules
based on MC sampling methods [2], [4], such as Markov
chain Monte Carlo (MCMC) and importance sampling algo-
rithms. In this framework, the nodes of the quadrature rules
are randomly chosen. However, the resulting estimators often
have a high variance, specially when the dimension of the
problem grows.

3) VARIANCE REDUCTION

A third family, formed by the variance reduction techniques
[2], [7], combines elements of the first two classes. In order
to reduce the variance of the corresponding Monte Carlo
estimators, deterministic procedures are included within the
sampling algorithms, e.g., conditioning, stratification, anti-
thetic sampling, and control variates [7]. Other interesting
examples are the Riemann-based approximations which are
combinations of a Riemann quadrature and random sampling
[2, Chapter 4.3]. The Quasi-Monte Carlo (QMC) algorithms
can be also included in this family. In QMC, deterministic
sequences of points are generated (based on the concept of
low-discrepancy) and then used as nodes of the corresponding
quadrature [3]. Several other combinations of the previous
classes above, mixing determinism with random sampling
schemes, can be found in the literature [8]-[10].

4) BAYESIAN QUADRATURE (BQ)

The BQ framework represents a fourth approach which
employs Gaussian Process (GP) regression algorithms for
approximating the integrand function (and, as a consequence,
the resulting integral as well) [11]-[13]. In the last years,
this approach has raised the interest of several authors. One
problem with this approach is that, in some cases, a negative
estimation of the marginal likelihood can be obtained. Some
possible solutions have been proposed, although they are
quite complex based on successive approximations [14], [15].
In this work, we provide two novel and much simpler alterna-
tives for solving this issue. Moreover, unlike this work, most
contributions in BQ literature focus on the GP approximation
of the function f(x) [14]-[16], although other papers on BQ
describe quite general frameworks where f (x) can contain the
likelihood or 7z (x) [11]-[13]. A connection between classical
quadratures and BQ can be found in [17]. Finally, theoretical
guarantees for adaptive BQ schemes can be found in the
insightful work of [18].

B. EMULATION OF COMPLEX MODELS

Many Bayesian inference problems involve the evaluation
of computationally intensive models, because of (i) the use
of particularly complex systems or (ii) a large number of
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available data (or both). To overcome this issue, one possible
strategy consists in replacing the true model by a surrogate
model (a.k.a. an emulator), that could be also adaptively
improved [19]-[21]. Then, Bayesian inference is carried out
on this approximate, cheaper model.

1) USE OF THE EMULATOR

The emulator can be applied mainly in three different ways.
(a) One possibility is to apply MC sampling methods con-
sidering the surrogate model as the target pdf [22], [23].
This is used to speed up the MC algorithms. (b) In order
to improve the efficiency of MC estimators, a second option
is to use the emulator as a proposal density within an MC
technique, as we discuss in Section I-C [24]-[26]. (¢) A third
possibility is to replace the true posterior with the emulator in
the integrals of interest, and computing them [11]-[13]. Here,
we mainly focus on the last approach, also combining it with
MC methods (and other quadrature rules).

2) CONSTRUCTION OF THE EMULATOR

In the literature, the surrogate model is often built by using a
regression algorithm, like a GP model or similar techniques
[27], [28]. This probabilistic approach provides also uncer-
tainty quantification that is used for estimating the approx-
imation error and adapting the emulator [29]. Sometimes,
the approximation regards only some part of the model or is
applied in a different domain (as the log-domain) [30]-[33].
Other authors employ density estimation techniques for
building the surrogate model, and then using it as a proposal
density within MC algorithms [34]-[36] or for replacing the
true posterior (again within MC methods) [37].

C. INTERPOLATIVE PROPOSAL DENSITIES WITHIN
MONTE CARLO SCHEMES

The first use of an interpolative procedure for building a
proposal density is ascribable to the adaptive rejection sam-
pling schemes [24], [38]-[40]. The proposal is formed by
polynomial pieces (constant, linear, etc.). Several works have
proposed the use of interpolative proposal densities within
MCMC algorithms [25], [41]-[43]. For more details, see
also [4, Chapters 4 and 7]. Their use within an impor-
tance sampling scheme is considered in [44]. The adap-
tation is carried out considering different statistical tests,
by measuring the discrepancy between the emulator and the
posterior [26].

The conditions needed for applying an emulator as an
proposal density are discussed in [26]. For this purpose, we
need to be able to: (a) update the construction of the emulator,
(b) evaluate the emulator, (¢) normalize the function defined
by the emulator, and (d) draw samples from the emulator.
It is not straightforward to find an interpolative construction
which satisfies all those conditions jointly, for an arbitrary
dimension of the problem. However, the resulting algo-
rithms (when they can be applied) provide good performance,
confirming that the interpolative approach deserves more
attention.
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D. CONTRIBUTIONS

In this work, we leverage the advances in different fields of
numerical integration and emulation, in order to design algo-
rithms which build (a) better emulators and (b) more efficient
quadrature rules. The novel algorithms are adaptive schemes
which automatically select the nodes of the quadrature and
of the resulting emulator. Namely, the set of nodes used by
the emulator is sequentially updated by maximizing a suitable
acquisition function. Below, we list the main contributions of
the work.

e We propose a novel design of a suitable acquisition func-
tion defined as product of the posterior and a diversity term,
taking into account the current positions of the nodes. Note
that, unlike several works in the literature, e.g., [19], [20],
[45], [46], we consider jointly both: the information regarding
the posterior and the distances among the current nodes. For
the selection of the nodes, some authors also consider the
use of MCMC runs [22] or more sophisticated procedures
combining sampling and deterministic quadrature schemes
for selecting the nodes [47]. Unlike [22], [47], our adaptive
approach is based on an active learning procedure. We also
provide cheap versions of the acquisition function. The cheap
acquisition functions do not require the evaluation of the
posterior but only the evaluation of the emulator. The overall
schemes are then parsimonious techniques which require the
evaluation of the posterior density only at the nodes, sequen-
tially selected by optimizing a cheap acquisition function.
The proposed active learning strategy is also connected to
the idea of obtaining a finite set of weighted representative
points which can summarize, in some sense, a distribution.
This topic has gained attention in the last years [48]-[51].

e We consider an interpolative approximation of the pos-
terior density 7 (x), where the interpolant is expressed as a
linear combination of generic kernel-basis functions. Unlike
several BQ techniques in [14]-[16], we approximate 7 (X)
instead of the function f (x) in the integral /. For this purpose,
we also propose the combination of the interpolant approach
with MC and other quadrature schemes.

e With respect to other schemes in the literature [12], [13],
our assumptions regarding the kernel-basis functions are less
restrictive, e.g., they do not need to be symmetric. We could
also employ different type of bases jointly, e.g., one different
basis for each node. For instance, our framework allows the
use of nearest neighbors (NN) basis functions, which presents
several advantages: it does not require any matrix inversion
and the coefficients of the linear combination (which defines
the interpolator) are always positive [52], obtaining always a
positive estimation of the marginal likelihood. These benefits
are very appealing as shown in [14], [15], [52], [53].

e Section V presents an importance sampling (IS) interpre-
tation of the proposed schemes, where the weights involve the
interpolant instead of the true posterior density. This again
shows that we can improve the Monte Carlo approximations
without requiring additional evaluations of 7 (x). Moreover,
the alternative IS interpretation allows to design different
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techniques. One possible example is given in the final part
of Section V.

e We also introduce a novel procedure for fitting the band-
width parameter of the Gaussian kernel in order to build an
emulator of a density function. In this scenario, the proposed
strategy performs better than the standard maximization of
the marginal likelihood of the corresponding GP. Using this
tuning procedure, we always obtain positive estimation of the
marginal likelihood, even with Gaussian kernels (this is an
important point; see [14], [15]).

We provide the theoretical support for the proposed meth-
ods in Section VII. Most of the convergence results are
mainly known in the scattered data approximation literature
[54]-[56]. The efficiency of the proposed schemes is also
confirmed by several numerical experiments (in Section VIII)
with different target pdfs and dimensions of the problem. One
of them is also a challenging astronomical application, where
the goal is to detect the number of exoplanets orbiting a star,
and infer their orbital parameters.

Il. INTERPOLATIVE QUADRATURES FOR
BAYESIAN INFERENCE
In many signal processing applications, the goal is to infer
a variable of interest given a set of observations or measure-
ments. Let us denote the variable of interestby x € X C Rdx,
and lety € R% be the observed data. The posterior pdf is then
; L(y[x)g(x)
7(x) = p(x]y) ze
where £(y|x) is the likelihood function, g(x) is the prior pdf,
and Z(y) is the model evidence (a.k.a. marginal likelihood).
Generally, Z(y) is unknown, so we are able to evaluate the
unnormalized target function,

(x) = £(y|x)g(x).

Usually, the analytical computation of the posterior density
7 (x) o m(x) is unfeasible, hence numerical approximations
are required. Our goal is to approximate integrals of the form

I :/f(x)ﬁ(x)dx: l/ f®m(x)dx, (D
X Z Jx

where f(x) is some integrable function, and

Z:/ 7 (X)dX. 2)
X

In the literature, random sampling or deterministic quadra-
tures are often used [2], [4], [57]. In this work, we consider
alternative quadrature rules based on an adaptive interpolative
procedure. The adaptation is obtained by applying an active
learning scheme.

A. INTERPOLATIVE APPROACH

Let us consider a set of distinct nodes x;,...,xy € X and
some non-negative kernel or basis function, k(x, x') : X x
X — RT U {0} (ie., k(x, X') > 0). From now on, we use the
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terms basis or kernel as synonyms. The interpolant of 77 (x) is
as follows

N
) =) Bik(x, X)), 3)

where the coefficients 8; must be such that 77 (x) interpolates
the points 7 (x1), ..., w(Xy), that is, T(x;) = 7 (x;) fori =
1,...,N. Hence, the g; are the solutions to the following
linear system

Brk(x1, X)) + ...+ Bvk(x1, Xy) = m(X1),

Brk(x2,X1) + ... + Byk(x2, Xn) = 7(X2), @
Birk(xy,x1) + ...+ BNk(XN, XN) = T(XN).
Denoting (K);; = k(xi,xj)) (1 < i,j < N), B =
(Bi,....Bv]1  andd = [ (x1), ..., 7(xx)]", Eq. (4) can be

written in matrix form as K = d. Thus, the coefficients are
given by

B=K'd 5)

Note that, depending on the choice of kernel and its parame-
ters, these coefficients can be negative.

Remark 1: The only requirement regarding the functions
k(x,x’) is that the interpolation matrix K must be non-
singular (i.e., invertible) for any set of distinct nodes.
The symmetry of k(x,x') is not required. Different type of
bases can be employed, for instance, one for each node x;,
ie., ki(x, x,~).

Remark 2: For simplicity, in this first part of the paper,
we consider a fixed number of nodes N. However, a key point
of the work is the adaptation procedure in Section VI, where
new nodes are sequentially added.

A detailed theoretical analysis is provided in Section VII.

B. INTERPOLATIVE QUADRATURE SCHEMES
We can approximate both Z and I by substituting the true 7 (x)
with its interpolant 77 (x).

1) APPROXIMATION OF Z
Let f x kX, x;)dx = C; > 0 be the measure of the i-th ker-

nel. An approximation of Z can be obtained, by substituting
Eq. 3)in (2),

N N
7 — / T(X)dx = Z ,8,-/ k(x, X;)dx = Z BiCi. (6)
x i=1 X i=1

If the kernels are normalized, i.e., C; = 1, note that

Z Zz 1/31

Remark 3: Although Z > 0, Z can take negative values,
since the coefficients B; can be negative. However, in this
work, we suggest two schemes (with Gaussian bases and a
suitable tuning procedure, and with NN bases) which ensure
a positive estimation of Z.
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2) APPROXIMATION OF /
By substituting (3) and (6) in (1), we obtain an approximation
of I as

[~T=L / FETX)X. @)
Z Jx

Note that, given 7(x) = Zf\;l Bik(x, X;), the approximation
of I in (7) can be expressed as

720

| —
=

T

/ FOOk(, x))dx = = Z Bili,

N

I
N) —
‘Mz T

Vit (X;), ®

i=1

where J; = [ f(Ok(X, X))dx, v = [vy, . Ll =K e
with¢ = [J1,...,J N1t being the vector of integrals. Clearly,
the performance of T depends on the discrepancy between
7(x) and 7(x), as shown by Theorem 1. This discrepancy
is reduced by properly adding new nodes, as suggested in
Section VI.

C. MONTE-CARLO BASED INTERPOLATIVE

QUADRATURE SCHEMES

In this work, we assume that the evaluation of the target
function 7 (x) is the main computational bottleneck [19], [21].
We consider that other operations, such as sampling and
evaluating different proposal densities, are negligible with
respect to the target evaluation. The techniques, presented in
this section, do not require additional target evaluations with
respect to Eq. (8). In some specific cases, we can compute
the integrals J; and C; analytically (e.g., see next section).
Otherwise, we need to approximate J;, and in some cases,
also C;. Some general ideas are described below.

1) NORMALIZED KERNELS (C; = 1)

If the values C; = 1 are known,” we can compute 7 =
ﬁ Zi:;l Bi. Moreover, if we are able to draw samples from
each k(x, x;), we have

1

. 1
Ji = /X FOOk(X, x;)dx ~ J; = M";f(zi,m» ©9)

with z; ,, ~ k(X, X;), hence

M
Z f@im)- (10)

If we know Cj, another possible scenario is when we are
not able to draw from k(X, x;). In this case, we can employ
the importance sampling (IS) procedure described below to
approximate the integrals J;.

IFor the sake of simplicity and without loss of generality, we assume
Ci=1
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2) KERNELS WITH UNKNOWN C;

In this case, we also have to approximate f x k(x, x)dx = C;.
For this purpose, we can employ IS with proposal densities
gi(x), withi =1, ..., N, obtaining

| M
Ci~Ci=or ) Wim (11
m=1
where the weights are w; ,, = kgé‘l”_"x)") and z;,, ~ qi(X).
Moreover, we also obtain ’
| M
Ji~di= o Zl Winf (2i.m). (12)
m=

Replacing (11)-(12) into (8), the final estimator is given by

N M
~ 1
I =~ E Bi E Wimf Zim), (13)

Zﬁ\;l Bi Z%:l Wim =1 m=1

:ﬁ

=1i

Pi.mf (Zi.m) (14)

1

3

Biwim
Y Bk

Remark 4: Note that, in any of the scenarios above, we do
not need to evaluate the target w(x) at the samples Z; m.
Namely, we do not require additional target evaluations with
respect to Section II-B. Moreover, as M — 00, the estima-
tors in Egs. (10)-(14) converge to the expression (8), under
standard MC arguments [2].

For further details, see the theoretical results in
Section VII-B2 and Theorems 6 and 7. So far we have
considered Monte Carlo approaches to estimate J; and C;.
Other particular and more efficient approaches (such as
deterministic quadratures) are possible if we consider specific
kernel functions. In the next sections, we analyze two specific
cases (with Gaussian and NN kernels).

where p; , =

lll. INTERPOLATION WITH GAUSSIAN KERNELS
Let us consider the case of Gaussian kernels (with an
unbounded support X = R%),

kG(x, x;)

1 Ty-1
=————exp <——(X -X) X (x— Xi)) , (15
Qm)T|x|z 2

where X is a positive definite matrix. We take ¥ =
W’1 where h > 0 is the bandwidth hyperparameter
that needs to be tuned (see Section III-A). Alternatively,
note that we can also use unnormalized Gaussian kernels
kc(x,x;) = Aexp (—%(x — Xi)T):’l(x — xi)>, where A is
another parameter to possibly tune, and then consider C; =
AQT)E |31,

Polynomial functions f(x). The use of Gaussian kernel
functions kg(x, X;) with f(x) being polynomial, ensures
that the integrals in (8) are available in closed-form.
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Let f(x) = x" = [x],..., )cflx]—r be componentwise powers
of x € R% (r=1,2,...). Then,

Ji= / FOOkG(x, X)dx = / XkG(%, x)dx,
Réx Rdx

corresponds to the r-th marginal moments of a multivariate
Gaussian centered at x;. Note that the marginal moments of a
Gaussian density are well-known. Some instances are

/ xkg(x, x))dx = x; (r=1),
Réx

/d x> kg(x, x;)dx = Xi2 + diag(%), (r =2),
Rax
where the power xi2 is considered a componentwise operation.
Then, in this case, we can directly replace the values of J; in
Eq. (8).

Generic functions f (x). Each of the N integrals on the
right hand of (8) may be also approximated efficiently with
a Gauss-Hermite quadrature (GH) [5], [6], i.e.,

M

/ f®ka(x, x)dx ~ J; =
Rélx

m=

= GH
Wm f(zi,m)’
1

where v'ng and z; , are the weights and nodes of the GH
quadrature used for i-th integral. Note the quadrature weights
are independent of i and are normalized, i.e., Zﬁle v"ng =1.
Moreover, we have z; ,, = 7, +X;, that is, the only difference
is a translation of a single set of GH nodes Z, [6] (see
also the Suppl. Material). Again, we do not need extra
evaluations of the target 7 (x). Note that, with enough number
of points z; ,,, Gauss-Hermite quadrature is also exact when
f(x) are polynomial functions [58]. Theoretical results, valid
for positive definite radial basis functions, can be found in
Section VII-B.

A. PROBABILISTIC INTERPRETATION

If k(x, x') = k(x/, X) (i.e., it is symmetric) and k(x, X') is semi
positive definite, as in the Gaussian case, we can interpret the
construction of the interpolant 77(x) as a Gaussian process
(GP) [59]. In our setting, d = [7(x1),..., JT(XN)]T repre-
sents the observed vector. The process starts by placing a GP
prior on 7 (x), 7 (x) ~ GP(0, k(x, X')), where the GP mean is
0 and k(x, X) is the covariance function. Conditioning on d,
it can be shown that the posterior of 7 (X) is given by

r(x)|d ~ GP((x), C(x, X)),

where the mean function is the interpolant 7 (x) given in (3),
and the posterior covariance function is C(x, x') = k(x, x’) —
k(x) K~ 'k(x), with

k(x) = [k(X, X1), ..., k(x, xy)] T,
and (K); ; = k(x;, X;). The variance at x is
V(x) = C(x,x) = k(x,x) — k(x) 'K 'k(x). (16)

Observe that V(x;) = Oforalli = 1,...,N. If we assume
that the vector of evaluations d is noisy, we can relax the exact
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fit requirement by introducing a regularization term, replac-
ing K with the matrix K 4 2T, where I'is an N x N identity
matrix. The noise term o2 also provides numerical stability.
The probabilistic interpretation of the integrals involving 7 is
given in Appendix B.

B. TUNING OF HYPERPARAMETERS

Let us denote as @ the vector as hyperparameters of the kernel
functions k(x, x’). A standard way of fitting the hyperpa-
rameters @ is to maximize the marginal likelihood of the
GP [59]. In this case, the evaluations of 7 (x) play the role
of data. Given the evaluations d = [7(x1),...,7(xy)]",
the marginal likelihood is given by p(d|#) = N(d|0, K), and
its log-version is

I+ 1
logp(d|f) = —zd K 'd- 3 log K| +c,

where ¢ is a constant. Note that K depends on 6. How-
ever, for fitting the bandwidth parameter 4 of the Gaussian
kernels, we propose an alternative procedure described in
Appendix A, specifically designed for building an emulator
of a density function. In this context, the proposed procedure
performs better then the maximization of p(d|@).

Remark 5: Using the novel tuning procedure in
Appendix A, the corresponding estimator 7 takes always
positive values.

IV. CONSTANT KERNELS BASED ON NEAREST
NEIGHBORS

Given the set of nodes {x,} _; in a bounded domain X,
consider now the use of constant kernels with finite support

k(x, x;) = Ir,(x), a7

where I, (x) is the indicator function in R;, i.e., Ig,(x) =1
for all x € R; and zero otherwise. Each R; consists of the
points x € X that are closest to x;, i.e.,

Ri={xeX:|x—x;

Ip < min [x = s

where ||-||,, denotes the p-norm. That is, X = Uf.V: | Ri is the
Voronoi partition of X using {xi}ﬁ\; | as support points. In this
case, solving (5) for the coefficients f is straightforward since
the matrix K is the identity matrix, and thus

Bi = m(x;)

Note that all 8; > 0 with this kernel. Hence the interpolant is
given by

for i=1,...,N.

N
T =) wx)lR,X). (18)
i=1
Note that to evaluate 7(x) at any x we need to find just the
closest node. We do not need to know the borders of regions
{Ri}f.vz | for this purpose. This choice of kernels has three clear
advantages:

(i) no need to solve the linear system in (5) since K = I and
hence g = d,
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(ii) the coefficients § = d are always non-negative (this
ensures that Z > 0),

(iii) no need of tuning the bandwidth hyperparameter.

The difficulty, however, is determining the Voronoi partition,

as well as the measures C; = f x k(x, x;)dx. We show how to

address these issues in Section IV-A. In this case,

Ci =/ Ir,x)dx = |Ril,
X

where |R;| denotes the measure of the i-th Voronoi region.
The approximation of Z is given by

N
Z=Y mx)Ci. (19)
i=1
and Eq. (8) is expressed as

N
7= Z 7 (x:) /R Food,

(X X)dX. 20
=57 ]H(Xk)ckz (»/ fxdx. (20)
The convergence of this scheme is guaranteed as N grows,
as shown by Theorems 8 and 9. Further theoretical analysis
are provided in Section VII-C. Note that we need to estimate
the measures C;, as well as the integrals fR f(x)dx to com-
pute Z and 1. The next section is devoted to this purpose.

A. APPROXIMATING VORONOI REGIONS AND
RESULTING ESTIMATORS
In order to approximate C;, we can generate M uniform
vectors {zm}%=1 in & via Monte Carlo sampling or Quasi-
Monte Carlo sequences (e.g. a Sobol sequence) [57]. Define
the set 4; as

Ui = {2y : |12 — Xl”p = rjr;zn Hzm - X]” }

= {2}y,

i.e., the |U;| vectors closest to X; in p-norm, which form a
discrete approximation of R;. Note that vazl Uil = M.
Hence, the measure C; can be approximated by noting that

IC_II ~ | "I,hence

U;
Ci~ u | X1, (21)
where | X| is the measure of X . Thus, the estimator in Eq. (19)
can be rewritten as

Zr =2y ). (22)

We can also obtain an approximation of the integral J; =
fR; fX)dx by leveraging a QMC or MC approximation of
the Voronoi regions. Specifically, the uniform vectors zy, in
U, can be used to approximate the integral in (20) as follows

[L4i] \UI

0= Swixs g Zf( SRR )

M D
(23)
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where we used (21) again in (23). The procedure above can be
seen as an accept-reject method, and the estimators are also
unbiased [4, Chapter 3 and Section 6.6]. Note that a simpler
possible approximation with one point is J; = f’Ri fxX)dx ~
fx;)C;. Thus, replacing the expressions (22)-(23) in (20),
the final estimator becomes

U]

T~ Z (x;) Zf(lz . (24

P 17T(Xk)|uk|

Connection with Section II-C. The estimators above can be
interpreted as the application of an importance sampling (IS)
scheme as described in Section II-C, for kernel functions
with unknown C;. However, unlike in Section II-C, here we
consider a unique and uniform proposal density

1
— Iy(x), Vi=1,...,N.

gi(x) = q(x) = ]

Then, we can also remove the subindex i in the sample
Zi.m ~ q(X), i.e., we have only M samples z,, ~ g(x). Hence,
following Eqgs. (11)-(12), we have

Z Wi @s)
1 M
Ji = /721f(X)dX ~ MmZ::l Wi,mf(zm)s (26)

where z,, ~ g(x) = %]I x(x), and the weights are

k(Z, X;) |X|  ifz, € R,
oo T T . 27
L q(Zm) { 0 if z,, ¢ R;. 27)

Replacing the expression of the weights w; ;, into the formu-
las above, we recover the estimators in (22) and (24).

V. AN ALTERNATIVE IS INTERPRETATION

In this section, we discuss a special case of the IS scheme
given in Section II-C, when a unique proposal g;(x) = g(x)
is employed and only M samples z,, ~ ¢(x) are drawn
(as already considered in the previous section). In this sce-
nario, the IS procedure in Section II-C has another rele-
vant interpretation, which allows us to design other different
schemes. Considering a generic kernel k(x, x;) and Eq. (25),
we can rearrange Z as

. N N 1 M
Z ZﬂlCt%Zﬂiﬁzwzm
i=1 i=1 m=1
_ i il % k(2. X0)
i1 — q(Zp)
¥ | Bik(@m, ;)
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Then, recalling that 7(x) = Zivz | Bik(x, x;) and replacing
this expression above, we finally obtain

1 L 2@y 1Y
7~ — = , 28
m Zj s = M Zj Yin (28)
m=1 m=1
where v, = y(zy) = Z((Zz’”) form = 1, , M. Moreover,

with similar steps, we can obtain
~ 1
I~ = vnf @), (29)

Remark 6: The weights y,, have the form of the standard
IS weights with the target function T in the numerator, and
the proposal density q in the denominator. Hence, the entire
sampling procedure can be interpreted as a standard IS
scheme where the target function is 7 instead of 7. This shows
again that we do not need extra target evaluations and, hence,
we can employ an arbitrary large value of M.

Remark 7: Note that this result is valid for any kernel
k(x, x;), and we use a unique proposal q(x) in the procedure
described in Section II-C.

Below, we consider the NN case with a uniform proposal
q(x), deriving the same formulas in Section IV-A.

A. UNIFORM PROPOSAL DENSITY AND

NN INTERPOLATOR
Let us consider g(x) = %]I)((X), i.e., a uniform density
in X, and the NN kerne{ unction. For each sample z,,

the corresponding weight y;, is

= () = ) )

\X\ |

|| (X,,),

where x, is the closest node to sample z,, ie., X, =

arg min; ‘ Zym — Xj H Then, the IS approximation of 7 is

X ¥ &
Z Z (x,) = = DT ROU,
m=1 k=1

where |U | counts the number of z,, whose closest node is x;

(k =1,...,N). Note that this ex/pression is the same as in
(22). Similarly, the IS estimate of [ is given by
M M
~ 1 | X|
I~ — Zy) = —= (X, z
M7 mXZ:] Yol (Zm) wo Z ( km)f( m)
Uk |
= Zn(xw > f@),
Lr=1

which is the same expression as in (24). However, this alter-
native IS interpretation allows us to design different schemes
using a different proposal density, as shown below.
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(b) E =50

(a) True target pdf

d) E =102

(c) E =250

FIGURE 1. Example of application of NN-AQ. The cross-marks represent the starting nodes, while the points added adaptively by NN-AQ are
shown with dots. (a) The banana-shaped target and the starting nodes. (b)-(c)-(d) The NN-AQ emulator with E = 50, 250, 103 number of target

evaluations.

B. GAUSSIAN MIXTURE PROPOSAL

We consider now an alternative to the uniform proposal in X'.
More specifically, we propose drawing {z, }fn’lzl from a Gaus-
sian mixture proposal pdf built considering the set of nodes
{X,’}?]ZI, ie.,

N
2~ q(x) =Y _ENKIx;, C),

i=1
where the mixture weights &; are
7(X;)
ot ()

and the covariances C; can be determined by the minimum
distance of x; to its closest node. In this case, the IS weights
are given by

& = i=1,...,N,

V) — ) _ o mlw,)
mJ) — - )
SN EN @i, C) YL EN @i, C)
where Xy, is the closest node to z,,, withm =1, ..., M.

VI. ADAPTIVE PROCEDURE

In this section, we present an adaptive mechanism to add
new nodes to the interpolant. Our algorithm adds nodes
sequentially with the aim to discover high-valued regions
of m(x) while fostering the exploration of the state space.
We employ an active learning procedure where a new point is
obtained by maximizing a suitable acquisition function. The
resulting adaptive algorithm is shown in Table 1. Note that
the final number of nodes is Ny = T + Nyp. The adaptive
quadrature scheme based on the Gaussian kernels is denoted
as GK-AQ, whereas the other scheme based on the Nearest
Neighbors (NN) kernels is denoted as NN-AQ. Figure 1
depicts an example of application of the NN-AQ.

A. BUILDING SUITABLE ACQUISITION FUNCTIONS

Let us denote as ¢+ € N the rth iteration of the algorithm.
In the update stage, we decide to add a new node where the
acquisition function, A; : X — {0} UR™, is maximum. The
acquisition function takes into account the shape of 7 (x) and
the spatial distribution of the current nodes. More specifically,

VOLUME 8, 2020

TABLE 1. Adaptive Quadrature Algorithm.

Initialization: Set Ny initial nodes and set Xo = {x1,...,Xng}
do = [m(x1),. .-, 7(xnp)] T
Fort=0,...,T:

1) Build the interpolator. Use the set Xy = {x1,...,xn,} and

corresponding evaluations d¢ = [m(x1),...,7(xn,)]T to
build 7 (x) using Gaussian kernels (see Section III) or constant
kernels (see Section IV).

2) Build the acquisition function. Use 7¢(x) and the set of current
nodes X to build the acquisition function A¢(x), e.g., Egs. (33)-
(34).

3) Update stage. Obtain new node x n, +-1 by

XNy +1 = argmax A (x), 31

append X;i1 =
[de, m(xn,+1)] .
Outputs: Build the final interpolant 77 (x) and obtain the approxima-

{Xt,xn 41} and depr =

tions T and Z.
it must fulfill
A;(x;))=0 forallrand i=1,..., Ny,

and grow as we move apart from the nodes. We consider
acquisition functions A;(x) of the form

Ay(x) = m(x)Dy(x), €1y

where D, (x) is a diversity term that penalizes the proximity
to the current nodes. Note that the information of f(x) could
be also included as A;(x) = f (x) (x)D;(x). In some settings,
the function A;(x) above could be directly used after choos-
ing a diversity term D;(x). However, in this work, we con-
sider that evaluating 7 (x) is costly, so we propose cheaper
versions of (31).

B. CHEAP ACQUISITION FUNCTIONS

We recall that the most costly step is the evaluation of the
target function 7 (x). This is often due to the use of complex
models and/or large amounts of data. For that reason, we pro-
pose a cheap type of A;(x),

Ay(x) = 7, (x)Dy(x), (32)

208469



IEEE Access

F. Llorente Fernandez et al.: Adaptive Quadrature Schemes for Bayesian Inference via Active Learning

X initNodes
newNodes

X initNodes
newNodes

X initNodes
newNodes|

(a) Initial state (b) Iteration 1

FIGURE 2. 1D example of application of A;(x) = = (x)D;(x) with the diversity term D;(x) = ]min

shown with a green square, is added where A;(x) is maximum.

so that no evaluations of the true w(x) are required. In this
case, in terms of posterior evaluations E, the cost of the
overall algorithm in Table 1,is E = No + T

Remark 8: The particular case A;(x) D;(x) corre-
sponds to the space-filling experimental designs (e.g., see
[46], [56], [60] and Theorem 4). In the other particular case
with A;(x) = T;(x), the resulting schemes are similar to
other approaches in literature which combine sampling and
optimization (e.g., see [9]).

In the Gaussian kernel scenario, we may use the variance
in (16) as diversity term

Ai(x) = T (x)Vi(x),

where we have set D;(x) = V;(x), that fulfills V;(x;) = 0
fori = 1,..., N,. This choice is motivated by the fact that
the approximation error is bounded by the maximum value
of Vi:(x) (e.g., see Theorem 3). Since the function V;(x) is
unfeasible with constant NN kernels, we suggest a diversity
term of the form

(33)

z(X)—n,(X) min_ [Ix —x
N,

(EEAS

illp - (34)

Note that the term D;(x) = [Ix — x;||,, is zero when

I,
evaluated at any current node for éach x; € X; the minimum
distance is w.r.t. itself, which is zero. This choice is moti-
vated by Theorem 4, since the approximation error is also
bounded by the maximum value of D,(x). Figure 2 depicts
an example with this choice of D;(x). Note that the choice
Di(x) = rlnm IIx — x;||, can be also employed in the
=

Gaussian kernel scenario.
Another alternative is to consider tempering versions of the
acquisition function,

A(x) =

llp

[7:(x)]% [Dy(x)]” (35)

where o > 0 can be used to prioritize moving towards high-
valued zones of 7;(x), while B > 0 to encourage exploration.
The values @ and B can also vary with the iteration ¢. The
maximization of A;(x) can be performed by simulated anneal-
ing or other optimization techniques. The performance of dif-
ferent acquisition functions have been compared in Figure 4
(see Section VIII-A). One can observe that maximizing the
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(c) Iteration 2 (d) Iteration 3

|x — x;|. At each iteration, the new node,
i=1,...,Ng

proposed acquisition functions provides much better results
than adding uniformly random nodes.

Observations: For the GK-AQ algorithm, the most costly
step corresponds to the inversion of the Ny x N; matrix Ky,
needed to be done in order to build the acquisition function in
Eq. (33). Note that the inverse K,_1 is used for both evaluat-
ing the interpolant 7;(x) and computing the variance V;(x).
We can alleviate the cost of this step by building K,_1
iteratively from K_ Jl. The recursion formula is given in
Appendix C. In the case of NN-AQ, evaluating the acquisition
function in (34) requires only to calculate the distances with
respect to each node. This computation can be used for both
evaluating the interpolant and the diversity term D;(x)
min ||x — X;||,. Note that the cost of searching for the nearest
neighbor has only a weak dependence on the dimension of
the space.

VIi. THEORETICAL SUPPORT
In this section, we provide some theoretical results supporting
the proposed schemes. We consider 7 (x) = %n (x) abounded
target pdf and a bounded domain X C R%. Let also f(x) :
X — Rbe an integrable function. In this section, we consider
J = f xJ (X (x)dx as the integral of interest. For a generic
f(x), J corresponds to the numerator of the integral / in
Eq. (1). For f(x) = 1, J becomes the normalizing constant
of m(x), i.e., J = Z, which is the denominator of /. Thus,
working with J is equivalent to working with /. Let also
J = / vf(X)T(x)dx, be the approximation of J given by
substituting the interpolant 7 (x). A first general result valid
for any interpolation procedure is given below.

Theorem 1: The error incurred by substituting mw(x) with
7(x) in J is bounded,

I/ =JI < IIf(r =l
< Iflallr =7l
<X lloo I = Tlloo »
where ||-|l1, ||, and ||-|| o denote the L, L? and L norms

respectively.
Proof: See Appendix D-A. |
Therefore, if are able to build an interpolant 77 in a way
such || — 7|, vanishes to zero, then the approximation J
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will converge to J. Note that, in this section, we ensure the
convergence of numerator J and denominator Z of I = %,
independently. A complete treatment (yet more complicated)
should consider the convergence of the two quantities at the
same time. For the rest of results, we need to distinguish
between the case of Gaussian kernel and constant kernel inter-
polators. To establish convergence of both schemes we need

to make some preliminary definitions and considerations.

A. SPACE-FILLING MEASURES AND RELATED RESULTS

We introduce two well-known measures of dispersion widely
employed in the function approximation literature. In this
section, we always consider a bounded support X.

1) FILL DISTANCE
Given the set of nodes {x; }N | C &, let us define the follow-
ing quantity

r =max min [X —X;|l», (36)
xeX 1<i<N

which is the fill distance.

2) SEPARATION DISTANCE
The separation distance is defined as

s = min |x; — %[, 37

e., the minimal distance between two nodes. Note that
s < 2r. Having a small s increases the numerical instability
and can have a detrimental effect in the error bounds. The
adaptive procedure described in Sect. VI produces a sequence
of nodes that sequentially minimizes r.

Proposition 1: Consider the acquisition function given in
Eq. (35) with « = 0 and B = 1, and the choice A;(x) =

A Ilnin lx — xillo, where {x;}; ’1 are the current nodes of
= t

the interpolator. The maximum of this function is the fill
distance r; in Eq. (36), at iteration t. Adding the point Xy, 41

corresponding to r; to the set of current nodes ensures that

141 =max min

x—xil, <r
- Ix —xill < 1,

and that ry — 0 when t — oc.
Proof: See Sect. 4.1 in [56] and [45]. This procedure is
related to the “‘coffee house design™ in [60]. O
Proposition 2: Forisotropic kernels, the varlance function
V(x) given in Eq. (16) satisfies that max[V(x)]2 < d(r),

where ®(r) is an increasing function of r, depending on the
kernel function. In the case of Gaussian kernels, ®(r) is an
exponential function.
Proof: See Sect. 2.1 in [56] and Sect. 2 in [45]. O
Proposition 3: Consider the acquisition function given in
Eq. 35) witha = 0and B = 1, i.e., and the choice A;(x) =

Vi(x). Let us set also ¢, = mz;)(( Vi(x). By adding new nodes
xe
according to the rule

XN +1 = arg max A, (x),
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we are minimizing ¢; over the iterations t, i.e., ¢; is a non-
increasing function of t and ¢; — 0 ast — oo.

Proof: This algorithm is known as p-greedy algorithm
in [61]. See the behavior of the variance of a GP inter-
polant [59]. This acquisition function is commonly used in
the kriging literature. For instance, see [62] and [46]. O

Proposition 4: Consider the acquisition function given in
Eq. 34) with @« = 0 and B = 1, and the choice A;(x) =
_ rlninN llx — x;llo, where {x;}; ’1 are the current nodes of the
llnterpolator The sequence of nodes obtained as xn,+1 =
argmax A,(x), for t € N¥, is a uniform low-discrepancy
sequence in a bounded X [63].

Proof: This procedure can be interpreted as determinis-
tic and sequential version of the well-known latin hypercube
sampling (LHS) [63]. O

Remark 9: Note that the proposed schemes do not need
that the space is covered uniformly. The only requirement, for
decreasing the fill distance r, is to be able to reach any subset
of the domain X with a non-null probability (strictly positive).

B. RESULTS FOR INTERPOLATORS BASED ON RADIAL
BASIS FUNCTIONS (RBFs)

In this section, we consider that k(x, x’) is the Gaussian kernel
considered in Sect. III. More generally, the results from this

section are valid for any k(x, X') that is a (positive definite)
radial basis function (RBF).

1) EXACT COMPUTATION OF J;

Recall 7(x) = vazl Bik(x, X;), where the weights are =
[B1. ..., Bv] = K~'d using the interpolation matrix K and
the vector of target evaluations d. The approximation J can
be written as

N N
J= / FOFAX =Y Bili =Y vim(xy),
X i=1 i—1

where J; = f S Xk, x;)dx, and the weights v =
[vi,...,vy]" are given by v = K_1§ with ¢ being the
vector of J;’s. In this form, Jis expressed as a combination of
evaluations of 7 (x), i.e., a quadrature. The following theorem
establishes that the weights v = K~'¢ are optimal for a
quadrature of this kind. Note that the Gaussian kernels are
symmetric positive definite functions, and are special cases
of radial basis functions (RBF).

Theorem 2: Let us consider a symmetric kernel function
k(x;, x;) = k(xj, x;) which always defines a positive definite
matrix K. The native space related to k(x, x') is a reproducing
kernel Hilbert space (RKHS ) [64], [65 ] Given the points
{xl}l yandv = K~ ¢, the quadrature J = va_l Vi (x;)
is optimal in the sense of Golomb-Weinberg [66], i.e., the
weights v; minimizes the norm of the integration error func-
tional in the dual space [64], [65].

Proof: A sketch of the proof is in App. D-B. See
also [67] and [16] and references therein. O

Theorem 3: Suppose that mw(x) belongs to the RKHS

generated by the kernel function k(x,x’). The interpolant
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A

T = YN, Bik(e,x)) satisfies |m(x) — F(x)| <
||JT||H[V(JC)]% for all x € X and hence ||m — 7|l
|77 ||y maxyex [V (x)]2, where ||-||y denotes the norm in the
RKHS, and V (x) is the variance function given in Eq. (16).

Hence, from Theorem 1, we have

IA

~ 1
V= J = X f lloo 177 [l3¢ max[V (x)]2.
xeX

Proof: See Sect. 2.1 in [56] and Sect. 2 in [45]. O
The theorem above, jointly with Proposition 3, justify the
choice of the diversity term D;(x) = V;(x) in Section VI-B.
The next theorem, based on results from the literature on
approximating functions with RBFs, establishes that the
approximation error tends to zero when r — 0, and that the
rate of convergence can be exponentially fast in the case of
infinitely smooth RBFs, such as the Gaussian kernels.
Theorem 4. The error of the quadrature T is

=T < X flloo 17 = Tlloe = OGr)),

where AM(r) — 0asr — 0, with r being the fill distance given
in Eq. (36). The convergence rate depends on the regularity
degree of m(x). For m(x) sufficiently regular (technically,
belonging to the RKHS induced by the RBF kernel), and
Gaussian RBF the bound \M(r) decreases exponentially

A(r) = efch\ 10gr|/r,

with a certain constant cp, > 0, which generally depends on
the bandwidth h.
Proof: See Sect. 11.3 and table in page 188 of [55]. [

Recall that the diversity term in (34) produces a monoton-
ically decreasing sequence of fill distances that converges to
zero in the limit of + — oo, as stated in Proposition 1. The
next theorem states that the approximation error tends to zero
as N — oo, and provides a quite pessimistic upper bound.

Theorem 5: Given a sequence of nodes {x,-}?’: | gener-
ated as in Proposition 4, it can be shown that r <
Cdx’XN_l/d’flog N, where Cy, x is a constant that probably
depends on the dimension dy and the measure of X. Then,
the following (pessimistic) upper bound can be provided

|log(N71/dxlogN)| )
9

N—U/dx1ogN

~ —c 71‘11 —C2
=T =0(e "NV Tmen

where ¢1 > 0 and ¢y > 0 are constants depending on h, dy
and the measure of X.
Proof: See Sect. 2.5.1 in [56] and [63]. O

2) NOISY COMPUTATION OF J;

Theorem 4 above states that the convergence of 7 is achieved
when the fill distance r goes to zero. Recall that in J =
ZN 1 BiJi we consider the exact computation of J; =
/ xS kX, x;)dx. In this sectlon we consider of approxi-
mating J; by the estimator J,, so that we finally have a noisy
version of J 1e J = Zl 1 ,B,J, Below, we show some
results related to J, but we need some previous definitions.
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a: STABILITY

The numerical stability of the solution depends on the inver-
sion of the interpolation matrix K and it is connected to
the separation distance s. Clearly, if two nodes are very
close, then the corresponding two rows of the interpola-
tion matrix are almost identical and the matrix becomes ill-
conditioned [55], [68].

b: REPRODUCTION QUALITY

Roughly speaking, an interpolant built with more nodes
(i.e., N grows) filling the space, generally yields a better
approximation. This concept is connected to the fill distance
r in Eq. (36). Recall that the fill distance is a measure of how
well the data fills the space [55].

¢: UNCERTAINTY PRINCIPLE

A typical problem when reconstructing functions is the trade-
off between reproduction quality and numerical stability. Let
us consider RBF kernels with a fixed bandwidth, as N grows.
Generally, when one aims at a very good approximation of
the function of interest, the numerical stability gets compro-
mised, and conversely, if one aims to have good numerical
stability, the approximation will be poor. This is known in
the literature as uncertainty principle [68].

Let us denote as & the parameter which controls the band-
width of the RBFs, as ¥ = A2l in the Gaussian kernel.
The next theorem illustrates the case where the numerical
instability combined with the error in computing the vector
of integrals ¢ = [Jy, ..., Jy1T deteriorates the error bound
of Theorem 4 (for a fixed /). Let us denote the vector of
approximated integrals by E = [./]\1, - ,./I\N]T and recall
d = [n(x1), ..., m(xy)]" is the vector of evaluations of 7.

Theorem 6 (For a Fixed Bandwidth h): Let us consider a
bounded support X. If we take into account the error in the
evaluatzon of the lntegrals ¢ = [J,....In1T, denoted by
{ = [J], IV, the corresponding approxzmatton J =
Zf{l Bili has an error of

=T < 1Xf o I = Flloo + 1K~ 21111211 — 112
= O((r)) + O((s, W)IIE —Clla,

where A(r) — Oasr — 0, v(s,h) —> ocoass — 0, with
r and s being, respectively, the fill distance and separation
distance given in Egs. (36) and (37). The parameter h, which
determines the bandwidth of the radial kernel, is considered
fixed. The function v(s, h) is an upper bound for ||K_1
which is a measure of stability (note that | K=Y |2 corresponds
to the inverse of the lowest eigenvalue of K).
Proof: See Appendix D-C. For the bound v(s, h) see
Corollary 12.4 in [55]. O
The bound in Theorem 6 expresses the uncertainty relation.
Indeed, we see that making s — O poses a problem if we
use a fixed bandwidth /. Indeed, the interpolation matrix K
becomes ill-conditioned as two nodes are too close, and the
error || — E||2 is amplified. The growing rate of v(s, h),
as A(r), depends on the smoothness of the RBF. For Gaussian
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kernels, the rates of v(s, h) and A(r) are both exponential.
However, with a Monte Carlo approximation, we can always
improve the approximation E by increasing the number of
samples M, so that ||¢ —E| |» — 0. Recall that the increase of
the number of Monte Carlo samples M does not require addi-
tional evaluations of the target 7 in the proposed schemes.
Furthermore, even with a fixed M, we can control the value
||K*1 ||> by decreasing the bandwidth 4 of the kernel func-
tion. The following results consider these two cases.

Theorem 7 (For a Fixed Bandwidth h and M — o0]:
Given a bounded support X, consider the application of a
Monte Carlo method to approximate &, then || — E| [, = 0
as M — oo, where M is the number of samples. Hence, the
approximation T = vaz 1 ﬂi./]\i has an error

| —T| = O(r)),

where A(r) — 0 as the fill distance r — 0 and M — oo.
Proof: The term ||¢ — Z| |» — 0 as the number of Monte
Carlo samples M — oo [2]. O
Conjecture 1 (For a Decreasing Bandwidth h and Fixed
M) Given a bounded support X, consider a noisy approx-
imation f of ¢. Assume that we decrease h as the number
of nodes N grows (in order to control the instability term,
i.e., the magnitude of HK_1”2). Hence, the approximation

J= Zivzl BiJ; has an error
7 =) = OO(r)) + b,

where b is some constant bias, M(r) — Q0 asr — 0, and
making h — 0 when N — oo.

Note that, as & approaches 0, the interpolation matrix K
becomes a diagonal matrix, with the maximum values of
the kernels in the diagonal. Thus, controlling the maximum
values of the kernel functions, we can control the minimum
value of the eigenvalues, such that the interpolation matrix
K be well-conditioned. Moreover, recall that we are using
an interpolative approach and the probabilistic interpretation
in Section III-A is not strictly required. Therefore, we have
more flexibility in the choice and/or tuning of the kernel
functions. Indeed, one could consider different bandwidths
(one for each kernel function), bigger in regions with lower
density of points, while smaller bandwidths in regions with
a higher density of nodes. This would improve the numerical
stability.

Remark 10: The interplant based on NN kernels does not
suffer the uncertainty problem, since they have compact non-
overlapping supports. Namely, we can interpret that the
bandwidths are automatically tuned.

C. RESULTS FOR LOCAL INTERPOLATORS

In a local interpolation method, the addition and/or a change
of one node, only affects the solution in a subset of the
support domain. This scenario corresponds to the use of the
constant NN kernels. Recall that the interpolant based on
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constant kernels,

N
) =) w)lg, (),

i=1
where R; denotes the Voronoi region associated with node x;.
Let us first state a result for sufficiently smooth m(x).
If 7 (x) is Lipschitz continuous, i.e., for all x, z € X we have
|7 (z) — m(x)| < Lo||z — x|| for some constant Ly, then we
have the following result.

Theorem 8: Given the NN interpolant 7T (x), if 7w (x) is Lip-
schitz continuous we have that |w — T || < Lo 1, where Ly
is the Lipschitz constant and r is the fill distance introduced
in Eq. (36). Then, from Theorem 1, we have

=T < X f log Lo 7.

Moreover, given a sequence of nodes {x,-}ﬁ\; | generated as in
Proposition 4, and since r < CdX’XN_l/dX log N, we have the
following (pessimistic) bound

|J—.7| =O(N1/d"logN>.

Proof: See Appendix D-D. O
Now, recall the approximation of J given by

N
J= fX fER®dx~ Sy = ) m(x)f (x)Ci,

i=1
where Sy is the Riemann approximation, which has been also
discussed in Sect. IV-A, and C; = fR,- dx, i.e., the measure of
Ri. Here, we used the approximation fRi fx)dx ~ f(x;)C;.
We will show that Sy converges to J = f S T (x)dx
as we add more nodes according to one of the proposed
acquisition functions, that is, as t — 00. As with Gaussian
kernels, the convergence is related with how well the nodes
fill space. Here, the role of fill distance is played by the
maximum of the measures C;. The theorem below states that,
as we fill the space, the measures C; converges to zero. Recall
that the Voronoi partition {Ri}f.\’: | generated from the set of
nodes {x,-}f': | corresponds to the subdivision of X in N non-
overlapping pieces.

Proposition 5: Consider a sequence of points x1, . ..,XN
covering the space X, then for the associated Voronoi regions
R, we have that max; C; — 0as N — oc.

Proof: See the proofs of Theorems 1 and 4 in [69]. [

Theorem 9: Let m(x) be a continuous and bounded target
pdf (up to a normalizing constant) defined on a bounded
support X C R%. Let f(x) : X — R bounded on X.
Consider the integral J = f xS )T (x)dx. Let us consider
a Voronoi partition of X, generated by the nodes {xi}g\’: "
defined as R, ..., Ry (recall that C; = |R,|). Given the
Riemann sum Sy = Z?;lf(xi)rr(x,-)c,-, the convergence of
Sy — J is guaranteed as max; C; — 0 when N — oo.

Proof: See Sect 8.3 in [70]. O

Above, we have assumed that C; are known. However,
we can have very accurate Monte Carlo estimates without
requiring additional evaluations of the target 7 (x) (but just
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FIGURE 3. (a) Rel-MSE in log-scale for Z as function of number of target evaluations E. (b) Rel-MSE in log-scale for x as function of number
of target evaluations E. (c) Rel-MSE in log-scale for estimating [alz, (722] as function of number of target evaluations E.

of the interpolant 77 (x)), i.e., only with a slight increase in the
overall computation cost.

VIil. NUMERICAL EXPERIMENTS

In this section, we provide several numerical tests in order
to show the performance of the proposed adaptive quadrature
schemes and compare them with benchmark approaches in
the literature. The first example corresponds to a nonlinear
banana-shaped density in dimension dy = 2, 3, 4 and 5.
The second test is a multimodal scenario with dimension
dy 10. Finally, we test our schemes in a challenging
astronomic inference problem of detecting the number of
exoplanets orbiting a star.

A. BANANA TARGET

As a first example, we consider a banana-shaped
target pdf,
dy 2
3 (m — Bxy — x3)* X;
T(X) xexp—————=——» 1. (38)
Lk

withx € X = [—10, 10]%, B = 4, n9 = 4 and n; = 3.5 for
i=1,...,d,.Weconsider d, = {2, 3,4, 5} (i.e., different
dimensions) and compute in advance the frue moments of the
target (i.e., the groundtruth) by using a costly grid, in order to
check the performance of the different techniques.

1) EXPERIMENT 1

We set d; = 2 and test the different algorithms in order
to compute the vector mean u = [—0.4, 0] and the diago-
nal of the covariance matrix [012, 022] = [1.3813, 8.9081].
Moreover, our schemes are also able to estimate Z, whose
ground-truth is Z 7.9979, thus we also measure the
error in this estimation. We compare the performance in
terms of Relative Mean Square Error (Rel-MSE), averaged
over 500 independent runs, using different methodologies:
(a) NN-AQ starting with Ny = 10 nodes randomly chosen in
[—10, 10] x [—10, 10] and M = 10°; (b) an independent MH
algorithm (I-MH) with random initialization in [—10, 10] x
[—10, 10]; (¢) random-walk MH algorithms (RW-MH) with
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different proposal variance, and random initialization in
[—10, 10] x [—10, 10]; (d) an IS algorithm. The proposal
density for both I-MH and IS is a uniform in [—10, 10] x
[—10, 10], whereas for the RW-MHs is a Gaussian density
centered at the current state of the chain with covariance
matrix v2I where v € {1,2,5} (so we consider 3 different
RW-MHs).

For a fair comparison, we need that all methods have
the same number E of target evaluations (fixing £ = 70).
Since NN-AQ, I-MH and RW-MH require one new target
evaluation per iteration, we run 7 = 70 iterations for -MH
and RW-MH (E T), and T — Ngo = 60 iterations for
NN-AQ. In this regard, the IS algorithm use 70 samples drawn
from the uniform proposal. Hence, all methods need 7' = 70
target evaluations. The results are given in Figures 3(a)-(b).
Note that the estimation of Z via MCMC techniques is not
straightforward (e.g., see [71]).

Discussion 1: We can observe that NN-AQ outperforms the
other methods in terms of Rel-MSE in estimation. Moreover,
in Fig. 3(a)-(b) we can see that the decrease is much greater,
as E grows, than the other methods. Namely, NN-AQ has
more benefits with new evaluations of 7 (x).

2) EXPERIMENT 2

In this case, we fix the number of target evaluations E, and
vary dy = {2, 3, 4, 5}. The Rel-MSE in the estimation of Z is
given in Table 2 (with E € {100, 1000}).

TABLE 2. Relative MSE of Z With E € {100, 1000} for Different dy.

methods E dpy =2 | dpy =3 | de =4 | dp =5
100 | 0.0027 | 0.1127 | 0.3798 | 1.9730

NN-AQ 1000 | 410~% | 0.0023 | 0.0140 | 0.0374
IS 100 | 0.2645 | 04427 | 0.7627 | 1.1115
1000 | 0.0226 | 0.0378 | 0.0641 | 0.1094

Discussion 2: In this experiment, E is fixed along different
dimensions. The results given in Table 2, with fixed E, does
not show all the potential of NN-AQ. However, NN-AQ
outperforms IS in all the dimensions d, considered when
E = 1000.
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3) EXPERIMENT 3

For dy = 2, we compare now IS, NN-AQ, and three vari-
ants of NN-AQ: (i) NN-U, where the optimization step in
(31) is substituted with sampling uniformly the new node
in [—10, 10] x [—10, 10] (i.e., without using an acquisition
function), (ii)) NN-AQ only diversity, which uses the acqui-
sition in (35) with « = 0, B 1, i.e., with only the
diversity term D;(x), and (iii) NN-AQ tempered, which uses
the acquisition in (35) with o = 0, B, = Ztﬁ, ie., A;(x) =
[D;(x)]?. Note that the adaptation in NN-AQ only diversity
can be viewed as filling the space in a deterministic way. Note
also that the adaptation in NN-AQ tempered will encourage
more exploration than NN-AQ in the early iterations. Again,
we compare the error in estimating Z, g and [012, 022] as a
function of target evaluations E (up to £ = 70). The results
are given in Figures 4(a)-(b).

Discussion 3: We can observe that NN-AQ and NN-AQ
tempered outperform the others in terms of Rel-MSE in esti-
mation. Moreover, in Fig. 4(a)-(b) we can see that for NN-AQ
and NN-AQ tempered, the RMSE decreases at a faster rate as
E grows, than the NN-U and NN-AQ only diversity, high-
lighting the importance of taking into account the current
interpolant to locate the new nodes. It can be seen that NN-AQ
only diversity works much better than NN-U in the early
iterations. We explain these results by the fact that NN-AQ
only diversity tends to cover the space more efficiently in
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these early iterations since it avoids placing new nodes near
the existing ones. However, as E grows, the performance of
NN-U and NN-AQ only diversity is similar since both end
up filling uniformly the space. Interestingly, NN-U performs
better than IS as E increases, which demonstrate the power
of the interpolative approach even when the new nodes are
randomly chosen.

4) EXPERIMENT 4

For d, = 2, we investigate the performance of GK-AQ in
the estimation of Z, u and [012, 022] as function of £. NN-GK
employs the acquisition in (33). The kernel bandwidth 4 is
fitted using the procedure in Appendix A. As commented
in Sect. III-B, we consider a small noise of ¢ = 102 for
numerical stability. We will compare the performance against
NN-AQ. The results are given in Figures 5(a)-(d), along with
an example of GK-AQ interpolant, with £ = 70, obtained in
a specific run.

Discussion 4: The results are shown in Figures 5(b)-(d).
GK-AQ outperforms NN-AQ in this particular experiment.
However, it is important to remark that the results of GK-AQ
may worsen considerably if 4 is not selected adequately (we
have used the procedure in App. A), in contrast to NN-AQ
which is free of hyperparameter tuning and hence more
robust.
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B. MULTIMODAL TARGET
In this experiment, we consider a multimodal Gaussian target
ind, = 10,

1 1 1
T(x) = §N(xlu1, X+ §N(XIIL2, o) + gN(XIM» X3),

with p; = [5,0,...,0], oy = [-7,0,...,0], p3 =
[1,....,1]1and £ = X, = X3 = 4%Ij;p. We want to
test the performance of the different methods in estimating
the normalizing constant Z = 1. We consider an applica-
tion of GK-AQ with Ny = 500 initial nodes, random in
[—15, 15]10, and T = 1000 — Ny, hence fixing the num-
ber of evaluations to £ = 1000. We compare it against
three sophisticated AIS schemes, namely PMC, LAIS and
AMIIS [72]. For PMC, we choose Gaussian proposal pdfs and
test different number of proposals L € {10, 100, 200, 500},
whose means are also initialized at random in [—15, 15]1°.
At each iteration one sample is drawn from each proposal,
hence the algorithm is run for Tppmc = % iterations for
a fair comparison. As a second alternative, we consider the
deterministic mixture weighting approach for PMC, which is
shown to have better overall performance, denoted DM-PMC.
For LAIS, we also consider different number of proposals
L € {10, 100, 200, 500}. More specifically, we consider two
versions of LAIS: the one-chain version and an ideal version.
In ideal LAIS, the means of the L Gaussian proposals are
drawn exactly from 7 (x). The one-chain application of LAIS
(OC-LAIS) requires to run a MCMC algorithm targeting
7(x) to obtain the L proposal means, hence it requires L
evaluations of the target. At each iteration one sample is
drawn from the mixture of the L Gaussian proposals, hence
we run the algorithm for 71 o1 = 1000—L iterations for a fair
comparison. We used a Gaussian random walk Metropolis
to obtain the L means in the one-chain scenario. Finally,
we consider AMIS with several combinations of number
of iterations Tamis and number of samples per iteration R.
Ateach iteration, R samples are drawn from a single Gaussian
proposal, hence the total number of evaluations is E =
RT amis. In this case, we test E € {1000, 2000, 3000, 5000},
so the comparison is not fair except for £ = 1000. For
PMC, LAIS and AMIS, as well as for the random walk
proposal within the Metropolis algorithm, the covariance of
the Gaussian proposals was fixed to W (forh=1,...,6),
where £ is the initial bandwidth parameter used in GK-AQ.?
All the methods are compared through the mean absolute
error (MAE) in estimating Z, and the results are averaged over
500 independent simulations. The results are shown in Table 3
and Table 4. For each method, the best and worst MAE are
boldfaced.

Discussion: We can observe that GK-AQ obtains the best
range of MAE values [0.078, 0.4782] and the best results
for h = 1. For h > 1, we can see in Tables 3-4 that the
lowest MAE values are obtained by ideal LAIS with L = 500
and h = 3. We stress that ideal LAIS is not available in

2Recall that, for GK-AQ, the final bandwidth is tuned as described in
App. A.
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TABLE 3. MAE of Z with E = 1000 (Best and Worst MAE of Each Method
are Boldfaced).

\ Methods [h=1 | h=2 ] h=3 [ h=4 | h=5 ] h=6 |
\ GK-AQ [ 0.4782 | 0.1741 | 0.0780 | 0.1362 | 0.1497 | 0.2322 |
N =10 | 09993 | 0.9526 | 0.8603 | 0.6743 | 0.6024 | 0.6155
PMC N =100 | 09998 | 0.9896 | 0.8853 | 0.6761 | 0.5192 | 0.4544
N =200 | 1.0002 | 0.9893 | 0.8816 | 0.7099 | 0.6389 | 0.5384
N =500 | 0.9995 | 0.9916 | 09741 | 0.8700 | 0.7421 | 0.6544
N =10 | 09991 | 0.9478 [ 0.8505 | 0.6009 | 0.5352 | 0.5814
pM.pmc N =100 | 0:9997 | 0.8719 | 04490 | 02425 | 0.1901 | 02193
N =200 | 09999 | 09321 | 05708 | 0.3257 | 0.2374 | 0.2524
N =500 | 1.0000 | 0.9888 | 0.7969 | 0.5009 | 0.3684 | 0.3800
N =10 | 09992 | 0.8114 | 0.2579 | 0.0863 | 0.0819 | 0.1091
dealLArs V=100 | 0.9918 | 03638 | 0.0547 | 0.0407 | 0.0598 | 0.1053
N =200 | 09846 | 02486 | 0.0352 | 0.0411 | 0.0680 | 0.1093
N =500 | 0.9687 | 0.1852 | 0.0335 | 0.0473 | 0.0891 | 0.1353
N =10 | 1.0000 | 1.0000 | 0.9992 | 0.0883 | 0.0468 | 0.9079
ocLals N =100 | 09999 | 0.8731 | 04434 | 02785 | 0.2392 | 02870
N =200 | 09982 | 07028 | 02418 | 0.1243 | 0.1406 | 0.2070
N =500 | 0.9937 | 0.4949 | 0.1221 | 0.0857 | 0.1195 | 0.1786

TABLE 4. MAE of Z of AMIS With E < {1000, 2000, 3000, 5000}.

[ Methods
‘ GK-AQ (E=1000)

[h=1 [ h=2[h=3 h=4 [h=5] h=6 |
[ 0.4782 | 0.1741 | 0.0780 | 0.1362 | 0.1497 | 0.2322

M =10 | 09998 | 0.9997 | 0.9997 | 0.9996 | 0.9996 | 0.9995

AMIS M =100 | 1.0000 | 1.0000 | 1.0000 | 0.9999 | 0.9997 | 0.9990
E =1000 M =200 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 0.9998 | 0.9994
M =500 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 0.9998 | 0.9989

M =10 | 09155 | 09117 | 0.8981 | 0.8987 | 0.8891 | 0.8878

AMIS M =100 | 0.9998 | 0.9986 | 0.9934 | 0.9784 | 0.9559 | 0.9072
E=2000 M =200 | 1.0000 | 1.0000 | 0.9998 | 0.9981 | 0.98838 | 0.9712
M =500 | 1.0000 | 1.0000 | 1.0000 | 0.9998 | 0.9984 | 0.9953

M =10 | 03293 | 0.3402 | 0.3051 | 0.3381 | 0.3540 | 0.3443

AMIS M =100 | 09725 | 0.9040 | 0.7963 | 0.6384 | 0.4964 | 0.3816
E=3000 M =200 | 0.9998 | 0.9977 | 0.9884 | 0.9527 | 0.8308 | 0.7119
M =500 | 1.0000 | 1.0000 | 0.9998 | 0.9988 | 0.9859 | 0.9566

M =10 | 0.0766 | 0.0768 | 0.0695 | 0.0722 | 0.0699 | 0.0725

AMIS M =100 | 0.1626 | 0.1176 | 0.0957 | 0.0810 | 0.0737 | 0.0656
E=5000 M =200 | 0.8771 | 0.6040 | 0.2824 | 0.1473 | 0.1163 | 0.0899
M =500 | 1.0000 | 0.9982 | 0.9904 | 0.9449 | 0.7944 | 0.4532

practice, since we usually cannot sample directly from 7 (x).
Regardless of the ideal LAIS scheme (not applicable in prac-
tice), GK-AQ provides the best results. Moreover, we see
that GK-AQ with & = 3 is the best performing method in
this experiment, since it achieves a lower MAE than PMC,
DM-PMC and OC-LAIS for every combination of L and h.
Table 4 shows that AMIS performs worse than GK-AQ for
E = 1000 (fair comparison), but even with much more AMIS
evaluations E € {2000, 3000} (unfair comparison in favor
of AMIS). AMIS needs to reach a big enough value of E
(E = 5000), to beat GK-AQ in terms of MAE.

C. APPLICATIONS TO EXOPLANET DETECTION

In recent years, the problem of revealing objects orbiting
other stars has acquired large attention. Different techniques
have been proposed to discover exo-objects but, nowadays,
the radial velocity technique is still the most used [73]-[76].
The problem consists in fitting a dynamical model to data
acquired at different moments spanning during long time
periods (up to years). The model is highly non-linear and,
for certain sets of parameters, its evaluation is quite costly in
terms of computation time. This is due to the fact that its eval-
uation involves numerically integrating a differential equa-
tion, or using an iterative procedure for solving a non-linear
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TABLE 5. Description of Parameters in Eq. (39).

Parameter  Description Units
For each planet

K; amplitude of the curve ms !
Uit true anomaly rad

wi longitude of periastron rad

e; orbit’s eccentricity .

P; orbital period S

T time of periastron passage s
Below: not depending on the number of objects/satellite
Vo mean radial velocity ms '

equation (until a certain condition is satisfied). This loop can
be very long for some sets of parameters.

1) LIKELIHOOD FUNCTION

When analyzing radial velocity data of an exoplanetary sys-
tem, it is commonly accepted that the wobbling of the star
around the center of mass is caused by the sum of the grav-
itational force of each planet independently and that they do
not interact with each other. Each planet follows a Keplerian
orbit and the radial velocity of the host star is given by

s
vi=Vo+ ZK,- [cos (u,-,, + a)i) + e;cos (a),-)] +&, (39
i=1

with t = 1,...,T.3 The number of objects in the system
is S. Both y;, u;; depend on time ¢, and &; is a Gaussian
noise perturbation with variance o;>. We consider the noise
variance 06,2 an unknown parameter as well. The meaning of
each parameter in Eq. (39) is given in Table 5. The likelihood
function is jointly defined by (39) and some indicator vari-
ables described below. The angle u; ; is the true anomaly of

the planet i and it can be determined from

2
dui;  2m (1+eicosui,)
~ . 3
P (1-e)?
This equation has an analytical solution. As a result, the true
anomaly u; ; can be determined from the mean anomaly M; ;.
However, the analytical solution contains a non-linear term

that needs to be determined by iterating. First, we define the
mean anomaly M; ; as

2w
Mi,l = ? (t - tl) )

1

where 7; is the time of periastron passage of the planet i and
P; is the period of its orbit (see Table 5). Then, through the
Kepler’s equation,

M;; =E;; —e;sinkE;,, (40)

where E; ; is the eccentric anomaly. Equation (40) has no ana-
lytic solution and it must be solved by an iterative procedure.
A Newton-Raphson method is typically used to find the roots

3More generally, we can have Vi withj=1,...,T.
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of this equation [77]. For certain sets of parameters, this iter-
ative procedure can be particularly slow and the computation
of the likelihood becomes quite costly. We also have

tan it [ €y Bir (41)
2 1—¢ 75

Therefore, the variable of interest x is the vector of dimension
dy = 1+ 58 (where S is the number of planets),

x = [Vy, K1, w1, e1,P1, 11, ..., Ky, ws, es, Ps, ts],

For a single object (e.g., a planet or a natural satellite),
the dimension of X is dy = 5 4+ 1 = 6, with two objects the
dimension of x is dy = 11, etc. All the Eqgs. from (39) to (41)
induce a likelihood function £(y|x, o.) = l—[tT=1 L(yt]X, 00),
wherey = {y1, ..., y7}.

2) PRIOR AND POSTERIOR DENSITIES

The prior g(x) is defined as multiplication of indicator vari-
ables Vp € [—20, 20], K; € [0, max y; ;—miny;;],e; € [0, 1],
P; € [0,365], w;; € [0,27], ; € [0, 30], (i.e., the prior is
zero outside these intervals), foralli = 1, ..., S. This means
that the prior density is zero when the particles fall out of
these intervals. Note that the interval of 7; is conditioned to
the value P;. This parameter is the time of periastron passage,
i.e. the time passed since the object crossed the closest point
in its orbit. It has the same units of P; and can take values
from O to P;. The complete posterior is

1
PX|y, 00) = ———L(yIX, 0.)g(X).
p(yloe)

We are interested in inferring the parameters x and, more
specifically, computing the marginal likelihood

Z =p(YIGe)=/XK(YIX, 00)g(X)dX,

obtained integrating out X, in order to infer the number
of planets. The noise variance 062 is also inferred after
the sampling, by maximizing Z = p(y|o,), i.e., Eez =
arg n}gXp(yloe).

3) EXPERIMENTS

Given a set of data y generated according to the model
(see the initial parameter values below), our goal is to infer
the number S of planets in the system. For this purpose,
we have to approximate the model evidence Z = p(y|o,) of
each model. In all experiments, we consider 60 total number
of observations. We consider three different experiments:
(E1) S = 0, i.e., no object, (E2) S = 1 (one object) and
(E2) the case of two objects S = 2. We set V = 2, in all cases.
For the first object in E1 and E2, we set K1 = 25, w1 = 0.61,
e; =0.1,P; =15, t; = 3. For E2, we also consider a second
object with K, = 5, wp = 0.17, e = 0.3, P, = 115,
7o = 25 (in that case S = 2). All the data are generated
with crez = 2. The rest of trajectories are generated according
to the transition model (and the corresponding measurements
y; according to the observation model).
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FIGURE 6. Plot of marginal likelihood estimates of Model 1 (one-planet) and Model 2 (two-planets) versus o for the three data sets. The
straight lines represent the known marginal likelihoods of Model 0 (zero planets) for each data set. (a) data set with zero planets, (b) data

set with one planet, (c) data set with two planets.

4) METHODS

For each experiment, three models (i.e. three different target
pdfs) are considered: a model with § = 0 (Zero-Planets),
a model with § = 1 (One-Planet) and a model with § = 2
(Two-Planets). The goal is to estimate the marginal likelihood
of these models and then correctly detect the number of
planets, i.e., S = 0 for (E1), S = 1 for (E2) and § = 2
for (E3). The marginal likelihoods corresponding to the Zero-
planets models are available in closed form and need not be
estimated (the model is simply Gaussian in that case). For
this purpose, we apply NN-AQ (with M = 107) and and an
IS procedure. We allocate a budget of 4-10° evaluations of the
target. In IS, this budget is used to draw 4 - 10° samples from
the priors. While NN-AQ uses first 4 - 105 — 5000 of these
samples to look for a good initialization, more specifically,
the sample with the highest target evaluation is kept, along
with 9 more samples taken at random, to use them as initial
nodes. Then, NN-AQ is run for 5000 iterations. Both One-
Planet and Two-Planets models are estimated for different
values of 0, = 1,2,...,15. Note that we do not need to
evaluate the target again when considering different o, i.e., a
single target evaluation can be reused for all values of o,. The
results are shown in Figure 6.

5) RESULTS

For each experiment (E1)-(E3), Figure 6(a)-(c) depicts the
estimations of Z of the different models provided by NN-AQ
and IS, versus o,. The horizontal lines correspond to the
known marginal likelihoods of Zero-Planets models. Overall,
NN-AQ outperforms IS and predicts correctly the number of
planets as well as the true value of o, (indeed, the curves
corresponding to NN-AQ reach a maximum at o, = 2).
Figure 6(a) shows that the estimations provided by NN-AQ
and IS correctly rank the Zero-planets model (S = 0) as the
most probable one. Figure 6(b) shows both NN-AQ and IS
predict correctly the One-Planet model (S = 1) to be the
correct one. However, for o, = 2, IS barely differentiates
between the Zero-Planet and One-Planets models. Further,
for o, = 1, it wrongly predicts Zero-Planets as the best
one. Conversely, NN-AQ is able to predict the correct model
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for every value of o,, and besides, also predicts the true
value o, = 2. In Figure 6(c), the difference in performance
of NN-AQ and IS is more acute. While NN-AQ is able to
correctly predict the Two-Planets model (S = 2) as the most
probable for all values of o,, IS is unable to detect that second
planet and, therefore, considers the One-Planet model more
probable. As in the previous case, IS fails at detecting any
planet for small values of o,. Again, NN-AQ predict the
correct value of o,.

IX. CONCLUSION
In this work, we have described a general framework for
adaptive interpolative quadrature schemes, leveraging an
in-depth study of different fields and related techniques in
the literature, such as Bayesian quadrature algorithms, scat-
tered data approximations, emulation, experimental design
and active learning schemes. The nodes of the quadrature
are adaptively chosen by maximizing a suitable acquisition
function, which depends on the current interpolant and the
positions of the nodes. This maximization does not require
extra evaluations of the true posterior. The proposed methods
supply also a surrogate model (emulator) which approximates
the true posterior density, that can be also employed in further
statistical analyses. Two specific schemes, based on Gaussian
and NN bases, have been described. In both cases, a non-
negative estimation Z of the marginal likelihood Z is ensured.
In the proposed framework, we also relax the assumptions
regarding the kernel-basis functions with respect to other
approaches in the literature, e.g., the bases could be non-
symmetric. For instance, the NN bases are non-symmetric
functions and their use has different important benefits:
(a) they ensure obtaining non-negative interpolation coef-
ficients and estimators Z, (b) the linear system is directly
solved without the need of inverting any matrix (the inter-
polation matrix is always diagonal), and (c) the bandwidth
of the bases are automatically selected. Our scheme also
allows selecting different kernel functions for each node
point. Therefore, the quadrature rules in Bayesian quadra-
ture are a special case of our proposed scheme. Indeed,
Bayesian quadrature considers a single symmetric and semi
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FIGURE 7. (a) GK based intergolant with N; = 70 nodes and h = 2.7, fitted by maximizing the marginal likelihood. (b) Plot of Z as function
of h. The value of h at which Z attains the local maximum is used to build the interpolant in our procedure. (d) GK based interpolant with

Ny =70 nodes and h = 0.51 fitted with the heuristic.

positive definite kernel function. An importance sampling
interpretation has been also provided. It is important to
remark that the true posterior is only evaluated at the nodes
selected sequentially by the algorithm, and the rest of other
computations does not query the true model. The conver-
gence of the proposed quadrature rules has been discussed,
jointly with other theoretical results. The new algorithms
are powerful techniques as also shown by several numerical
experiments.

APPENDIX A

PROCEDURE FOR TUNING THE GAUSSIAN

KERNEL BANDWIDTH

In this Appendix, we propose a procedure for fitting the
bandwidth parameter % of the Gaussian kernel (GK),

1 1
kc(x, x;) = m exp <_W(X —x) (x — Xi)) ,
(42)

when building the GK based interpolant of Sect. I1I for a given
number of nodes. Assume we have run the GK-AQ algorithm
(with some fixed hg), so we have a total of Ny nodes. Now,
for any &, we maklf solve the linear system (Eq. (5)), obtain the
coefficients {8;};, and calculate

(43)

Note that, although not explicit, the 8;’s, and hence Z, depend
on h. The proposed procedure consists of taking / as the
value where Z attains its first local maximum. Starting from
a small value 4 close to zero and increasing it, the estimation
7 is growing reaching a maximum. Then, 4 is starting to
become “too big”, producing too much overlapping among
the kernel areas. The values of the elements out the diagonal
of K grow, and some of the coefficients §; are negative,
and the estimation Z decreases. As h becomes greater and
greater, the matrix K tends to become ill-conditioned, and
the absolute values of 8;’s grows. Figure 7 compares the GK
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based interpolant of the target from Sect VIII-A with two
different choices of & and Ny = 70 nodes. Figure 7(a) plots
the interpolant taking % as the value which minimizes the
marginal likelihood (see Sect. IT1I-B). Note that this value of &
is too big given the dispersion of the nodes. While Figure 7(c)
plots the interpolant taking % as the value where the curve of
7z (Figure 7(b)) attains its local maximum. This choice of i
seems to fit better the existing nodes. Note also that, for some
values of h, Z may be negative.

APPENDIX B

PROBABILISTIC INTERPRETATION OF J

Let us consider J = f 1 (X)7 (x)dx, which is the numerator
of (1), our integral of interest /. In section III-A, we have
seen that, when k(x, x;) = k(x;, X) (i.e., a symmetric basis
function), the interpolant 7(x) = Zf\;l Bik(x, x;) has the
probabilistic interpretation of being the mean of the posterior
distribution of (the “unknown”) m(x) after observing d =
[r(x)), ..., 7xy)]T, ie., E[7(x)|d] = 7(x). The distribu-
tion on 7 (x) induces a posterior distribution on J, which is a
Gaussian with mean

E[J|d] =7 = f FR)T (X)X, (44)
X

and variance given by
var[J|d] = f / k(x, X)f (x)f x)dxdx' — ¢ "K'z, (45)

where & = [J,...,Jy] and J; = [, f(X)k(X, x;)dx. This
interpretation corresponds to the so-called Bayesian quadra-
ture, which uses Eq. (44) as approximation of J. Note that
Eq. (44) is the quadrature obtained by substituting the true
w(x) with its interpolant 7(x), which coincides with the
numerator of 7 in Eq. (7).

APPENDIX C

RECURSIVE INVERSION OF A BORDERED MATRIX

The most costly step when calculating B in (5) consists
in inverting the N x N matrix (K);; = k(x;,x;) (i,j €
{1,..., N}). Moreover, every time a new node is added, the §;
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must be recomputed, so the step of computing the inverse has
to be done again. This time the matrix is bigger due to adding
a new node, that is, it has an additional row and column.
We show that knowing K~ help us to compute the inverse of
augmented matrices (called ‘“bordered matrix”’, i.e., adding a
“border” of new row and column to an existing matrix).

Let us denote with Ky the matrix built using N nodes,
and let Ky be the matrix with N 4 1 nodes. Of course we
have

Ky  ky
Ky = ( ) (46)
ki, k
where ky = (k(x1, Xy+1), k(X2, Xy 41), - - -, kX, Xn+1))T

and k = k(Xy+1,Xy+1)- The (N + 1) x (N + 1) inverse of
Ky +1 can be expressed in terms of KX,I as follows

» A b
Kyi = (c S) ) @7

where

-1
A=Ky +Ky'ky (k- KUKy 'ky ) KUKG! e RV,

b

~1

—Ky'ky (k- KEKy'ky ) e RV,
—1

= (k—K[Ki'ky) KEKG' e RN,

Ty—1 -1
(k—kNKN kN) eR.

5
Il

-1
Note that computing s = (k - k;,K;lkN) is not costly

since it is an scalar value.

APPENDIX D

PROOFS

A. PROOF TO THEOREM 1
We have that

V-7 = ‘ / FOOT(0dx — / FOOR()AX
X X

= ‘/ fX) (r(x) — 7(x)) dx
X

It is easy to see that, for any g(x) we have —|g(x)|] <
g(x) < |g(x)| for all x, and that — [ |[g(x)|dx < [ g(x)dx <
J 1g(x)|dx, so we have !fg(x)dx‘ < [lg(x)|dx. Using this
result we can state the first inequality

=7 ‘ /X f(X) (7(x) — B(x)) dx

IA

/le(X)I |7 (x) — 7 (x)| dx
= Ifx =l

The second inequality of the theorem follows from Holder’s
inequality

Ifr =Dl < Il llw =7l

208480

Finally, the last inequality of the theorem is obtained after
manipulating the ||f|, and |7 — 7T ||5,

Il Nl =7l

} }
( / lf<x>|2dx) ( / |n<x)—ﬁ(x)|2dx)
X X

< (1¢1max o) (1) max | (0 = F00[%)
= ] max |f (0] max () — F(x)
= 1211 o I = 7l

1
2

B. PROOF TO THEOREM 2

We provide the main concepts and elements of the proof. For
more details, see [16], [67]. LetJ = fo(x)n(x)dx and J =
ny:l v;7 (x;) be the integral of interest and the quadrature
using points {X,‘}é\,: |» respectively. Recall that we also denote

T
v=1[v,...,vn]".

Consider that rr is a function belonging to the reproducing
kernel Hilbert space of functions H originated from the sym-
metric and positive definite kernel function k(x, x"). Hence,
J and J are functionals over that RKHS

Jix] = / FOOT(0dx,
X

N
.7[71] = va(xi), T eH.

i=1
where we write explicitly J[-] is the functional that integrates
w.r.t. f(x), while .7[~] is the functional that integrates w.r.t.
the weighted sum vazl v;8x;, where &, denotes the point
evaluation in x;. The integration error associated with Jis
characterized by the norm, in the dual space H*, of the error
functional

|/ =T = sup [JTx1—Jix]], (48)
/g ’HSI

where ||-||3; and |||+ denote the norm in H and H* respec-
tively. Eq. (48) is also called worst-case error (WCE). Define
the functions

kp(x) = / F&Ek(x, x')dx/, (49)
X
and
N
k() = vik(x, x), (50)
i=1

where kf, kf € H. These functions exist as consequence of
fX k(x, X)f (x)dx < oo. It can be shown that ||J — J“H* =

ol
|7 =73, =v Kv —207¢
—i—/ / FEf XHkx, x)dxdx', (51)
X JX

for a vector of weights v € RY, the matrix Ki<ijev =
k(x;, X;), and the vector of integrals & = [kr(x1), ..., kr(Xy M.
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Conditional on the fixed states {x,-}f’: |» the weights v that

minimizes the above expression are given by v = K~ '¢.
These are the weights that arises if we build the interpolant
7 of 7 at points {x,-}?’zl, using k(x, x) as the basis function,
and substitute it in J to obtain the quadrature.

C. PROOF TO THEOREM 6

Let J be the integral of interest, and let J = Zf\]: 1 BiJi and
J = vaz 1 ﬂ,-ii be the approximations using, respectively,
the exact J; and the noisy estimation J; . Recall that the
coefficients B; are written in matrix form as f = K 'd
where K is the interpolation matrix and d is the vector of
evaluations of m. Let us denote ¢ = [/, ..., Jy]T and
z = [?1, . ,7N]T. Denoting the dot product in RV as (-, ),
we can express J= ¢, B) and J = (E, B). Thus

o~

I — (€. B

=J—({&—C+Z.B)

=17 —(&.B)+ (. B — (€. B
=T+ 1 —2. B

=T+ K¢ =2).d)]

W r =Dl + K& =Dl 1dll;

< 1 X lloo 117 = Rllo + 1K 12118 = Z112 11d]1;

-7

1A

IA

where the norm ||[K™!||2 represents the largest singular value
of K~!. The bounds |7 — 7|l = A(r) and |[K7'||; =
O(v(s, h)) for different RBF can be found respectively in
Chapters 11.3 and 12.2 of [55]. For further details, see Propo-
sition 1 in [67].

D. PROOF TO THEOREM 8

Let us consider the target 77 (x) and the interpolant 77 (x) based
on NN constant kernels. Note that for all x € X we have
T(X) = m(x*), where x* = argmin; ||x — x|, i.e., the
node that is closest to x. Lipschitz continuity implies that
|m(z) — 7 (x)| < Lo ||z — x| for all z, x € X. Hence,

|7 — 7 lloo = max |7 (x) — 7 (x)|
xeX

= I}gﬁg{ilﬂ(x) — (x|

IA

Ly max Hx —x* H
xeX
= Lopmax min || X — x;||
xeX i
=Lyr,
where we used the definition of fill distance r, i.e.,

r = maxmin ||x — x;|| .
xeX i
For further details, see [27], [56].
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