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Gaussian process (GP) models have become a well-established framework for the adaptive design of costly
experiments, and notably of computer experiments. GP-based sequential designs have been found prac-
tically efficient for various objectives, such as global optimization (estimating the global maximum or
maximizer(s) of a function), reliability analysis (estimating a probability of failure) or the estimation of
level sets and excursion sets. In this paper, we study the consistency of an important class of sequential
designs, known as stepwise uncertainty reduction (SUR) strategies. Our approach relies on the key obser-
vation that the sequence of residual uncertainty measures, in SUR strategies, is generally a supermartingale
with respect to the filtration generated by the observations. This observation enables us to establish generic
consistency results for a broad class of SUR strategies. The consistency of several popular sequential design
strategies is then obtained by means of this general result. Notably, we establish the consistency of two SUR
strategies proposed by Bect, Ginsbourger, Li, Picheny and Vazquez (Stat. Comput. 22 (2012) 773-793) -
to the best of our knowledge, these are the first proofs of consistency for GP-based sequential design al-
gorithms dedicated to the estimation of excursion sets and their measure. We also establish a new, more
general proof of consistency for the expected improvement algorithm for global optimization which, unlike
previous results in the literature, applies to any GP with continuous sample paths.

Keywords: active learning; convergence; sequential design of experiments; stepwise uncertainty reduction;
supermartingale; uncertainty functional

1. Introduction
Sequential design of experiments is an important and lively research field at a crossroads be-
tween applied probability, statistics and optimization, where the goal is to allocate experimental

resources step by step so as to reduce the uncertainty about some quantity, or function, of in-
terest. While the experimental design vocabulary traditionally refers to observations of natural
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phenomena presenting aleatory uncertainties, the design of computer experiments — in which
observations are replaced by numerical simulations — has become a field of research per se [39,
52,53], where Gaussian process models are massively used to define efficient sequential designs
in cases of costly evaluations. The predominance of Gaussian processes in this field is probably
due to their unique combination of modeling flexibility and computational tractability, which
makes it possible to work out sampling criteria accounting for the potential effect of adding new
experiments. The definition, calculation and optimization of sampling criteria tailored to various
application goals have inspired a significant number of research contributions in the last decades
(see, e.g., [3,6,12-14,22,24-26,29,30,48-50,55,56,66]). Yet, available convergence results for
the associated sequential designs are quite heterogeneous in terms of their respective extent and
underlying hypotheses [11,31,55,57,63,65]. Here we develop a probabilistic approach to the anal-
ysis of a large class of strategies. This enables us to establish generic consistency results, whose
broad applicability is subsequently illustrated on four popular sequential design strategies. The
crux is that each of these strategies turns out to involve some uncertainty functional applied to a
sequence of conditional probability distributions, and our main results rely on the key property —
which will be referred to as the supermartingale property — that, for any sequential design, the
sequence of random variables produced by these functionals is a supermartingale with respect to
the filtration generated by the observations.

Among the sampling criteria considered in our examples, probably the most famous one is the
expected improvement (EI), that arose in sequential design for global optimization. Following
the foundations laid by Mockus, Tiesis and Zilinskas [43] and the considerable impact of the
work of Jones, Schonlau and Welch [36], EI and other Bayesian optimization strategies have
spread in a variety of application fields. They are now commonly used in engineering design
[23] and, in the field of machine learning, for automatic configuration algorithms (see [56] and
references therein). Extensions to constrained, multi-objective and/or robust optimization con-
stitute an active field of research (see, e.g., [8,21,22,30,48,68]). In a different context, sequential
design strategies based on Gaussian process models have been used to estimate contour lines,
probabilities of failures, profile optima and excursion sets of expensive to evaluate simulators
(see, notably, [5,6,13,29,49,50,62,67,71]).

More specifically, we consider in this paper sequential design strategies built according to the
stepwise uncertainty reduction (SUR) paradigm (see [6,12,66] and references therein). Our main
focus is the consistency of these algorithms under the assumption that the function of interest is a
sample path of the Gaussian process model that is used to construct the sequential design. Almost
sure consistency has been proved for the EI algorithm in [63], but only under the restrictive as-
sumption that the covariance function satisfies a certain condition — the “No Empty Ball” (NEB)
property — which excludes very regular Gaussian processes.! Moreover, to the authors’ knowl-
edge, no proof of consistency has yet been established for algorithms dedicated to probability of

10n a related note, Bull [11] proves an upper-bound for the convergence rate of the expected improvement algorithm
under the assumption that the covariance function is Holder, but his result only holds for functions that belong to the
reproducing kernel Hilbert space (RKHS) of the covariance — a condition which, under appropriate assumptions, is
almost surely not satisfied by sample paths of the Gaussian process according to Driscoll’s theorem [41]. Another result
in the same vein is provided by Yarotsky [70] for the squared exponential covariance in the univariate case, assuming
that the objective function is analytic in a sufficiently large complex domain around its interval of definition.
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excursion and/or excursion set estimation (referred to as excursion case henceforth) such as those
of Bect et al. [6]. The scheme of proof developed in this work allows us to address the excursion
case and also to revisit the consistency of the knowledge gradient algorithm [24-26], as well as
that of the EI algorithm — which can also be seen as a particular case of a SUR strategy [12] —
without requiring the NEB assumption. Before outlining the paper in more detail, let us briefly
introduce the general setting and, in particular, what we mean by SUR strategies. We will focus
directly on the case of Gaussian processes for clarity, but the SUR principle in itself is much more
general, and can be used with other types of models (see, e.g., [14,27,35,38,42,45]). Let &£ be a
real-valued Gaussian process defined on a measurable space X — typically, & will be a continuous
Gaussian process on a compact metric space, such as X = [0, 1] — and assume that evaluations
(observations) Z, = £(X,,) + €, are to be made, sequentially, in order to estimate some quantity
of interest (e.g., the maximum of £, or the volume of its excursion above some given threshold).
We will assume the sequence of observation errors (€,),cn* to be independent of the Gaussian
process &, and composed of independent centered Gaussian variables. The definition of a SUR
strategy starts with the choice of a “measure of residual uncertainty” for the quantity of interest
after n evaluations, which is a functional

H, = H(P) (1.1)

of the conditional distribution Pf, of & given F,, where F, is the o-algebra generated by X,
Z1, ..., Xy, Z,. Assuming that the H,’s are F,-measurable random variables, a SUR sampling
criterion is then defined as

Jn(x):En,x(Hn+l)a (1.2)

where E,, , denotes the conditional expectation with respect to F,, with X, = x (assuming that
Hp+1 is integrable, for any choice of x € X). The value of the sampling criterion J, (x) at time
n quantifies the expected residual uncertainty at time n + 1 if the next evaluation is made at x.
Finally, a (non-randomized) sequential design is constructed by greedily choosing at each step a
point that provides the smallest expected residual uncertainty — equivalently, the largest expected
uncertainty reduction — that is,

Xy,41 € argmin J, (x). (1.3)
xeX
Such a greedy strategy is sometimes called myopic or one-step look-ahead (as opposed to a
Bayes-optimal strategy, which would consider the reduction of uncertainty achieved at the end
of the sequential design, that is, when the entire experimental budget has been spent). Our goal
is to establish the consistency of these strategies, where consistency means that the residual
uncertainty H, goes almost surely to zero.

Given a finite measure 1 over X and an excursion threshold 7 € R, a typical choice of
measure of residual uncertainty in the excursion case [6] is the integrated indicator variance
H, = ’H(Pﬁ) = fX pn(1 — pp)du (also called integrated Bernoulli variance in what follows)
where p,(x) =P,(§(x) > T) and P, denotes the conditional probability with respect to F,,.
Note that p, (x)(1 — pn(x)) = var, (1g)>7), where var, denotes the conditional variance with
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respect to F;,. Recalling the definition of J, from (1.2), and using the law of total variance, we
obtain that

o) = fx B (Va1 (L))t (du) < fX vaty (Lo W (i) = Hy,  (14)

which shows that (H,,) is an (F,)-supermartingale. Another related measure of uncertainty, for
which a semi-analytical formula is provided in [13], is the variance of the excursion volume,
H, = var,(u({x € X: &(x) > T})). The supermartingale property follows again in this case
from the law of total variance. In the optimization case, on the other hand, it turns out (see,
e.g., [12], Section 3.3) that the EI criterion is underlaid by the measure of residual uncertainty
H, =E,(max§ — M,), where M, is defined as M,, = max; <, £ (X;) for non-degenerate Gaussian
processes (see Remark 4.10), and E, denotes the conditional expectation with respect to F,.
A similar construction can be obtained for the knowledge gradient, as developed later. It turns out
as shown later in the paper that, for both criteria, the associated measures of residual uncertainty
also possess the aforementioned supermartingale property.

It must be pointed out here that, under very weak assumptions about the Gaussian process
model and the uncertainty functional, consistency can also be achieved more simply using any
dense (“space filling”) deterministic sequence of design points. It has been largely demonstrated,
however, that SUR strategies typically outperform in practice these simple deterministic designs
(see references above). Hence, there remains a gap between theory and practice that is not filled
by our consistency results since, by themselves, they do not provide a very strong theoretical
support for the choice of SUR sequential designs over other types of designs, and in particular
over non-sequential designs.

The main practical interest of our consistency results is rather to answer the natural concern
that SUR strategies, because of their greedy nature, might fail to be consistent in some situations.
Such a concern is justified for instance, by the explicit counterexample, provided by Yarotsky
[69], of a particular function for which the sequence of points generated by the EI strategy fails
to produce a consistent estimate of the optimum of the function. Our results show that such func-
tions are negligible under the distribution of the Gaussian process used to construct the sequential
design. Further study of the convergence rate of SUR sequential designs is nevertheless needed
to provide a full theoretical support for their practical effectiveness, and will be the subject of
future work. Understanding their consistency, in relation with the properties of the uncertainty
functionals that defined them, is an important first step in this direction.

The rest of the paper is structured as follows. Section 2 defines more precisely the statistical
model and design problem considered in the paper, and addresses properties of conditioning
and convergence of Gaussian measures that are instrumental in proving the main results of the
paper. Section 3 discusses uncertainty functionals and their properties, and formulates general
sufficient conditions for the consistency of SUR sequential designs in terms of properties of the
associated uncertainty functionals. Finally, Section 4 presents applications of the general result
to four popular examples of SUR sequential designs, establishing in each case both convergence
to zero for the considered measure of residual uncertainty and convergence of the corresponding
estimator to the quantity of interest, in the almost sure and L' sense.
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2. Preliminaries: Gaussian processes and sequential design

2.1. Model

Let (§(x))xex denote a Gaussian process with mean function m and covariance function k, de-
fined on a probability space (€2, F,P) and indexed by a metric space X. Assume that § can
be observed at sequentially selected (data-dependent) design points X1, X7, ..., with additive
heteroscedastic Gaussian noise:

Z,=&(X,) +1(X,)Uy, n=12,..., 2.1

where 7 : X — [0, +00) gives the (known) standard deviation t(x) of an observation at x € X,
and (U;);>1 denotes a sequence of independent and identically distributed N (0, 1) variables,
independent of £. Let F,, denote the o -algebra generated by X1, Z1, ..., X,,, Z,.

Definition 2.1. A sequence (X,),>1 will be said to form a (non-randomized) sequential design
if, for all n > 1, X, is F,,_1-measurable.

Standing assumptions 2.2. We will assume in the rest of the paper that

(1) X is a compact metric space,
(i1) & has continuous sample paths,
(iii) T is continuous.
Remark 2.3. Note that the variance function 72 is not assumed to be strictly positive. Indeed,
the special case where 72 = 0 is actually an important model to consider given its widespread
use in Bayesian numerical analysis (see, e.g., [20,33,46,51]) and in the design and analysis of
deterministic computer experiments (see, e.g., [4,52,53]).

Remark 2.4. A Gaussian process with continuous sample paths automatically has continuous
mean and covariance functions (see, e.g., Lemma 1 in [34]). Conversely, assuming continuity
of the mean function, let us recall a classical sufficient condition for sample path continuity on
X c R4 (see, e.g., [1], Theorem 3.4.1): if there exist C > 0 and 1 > 0 such that

k(x,x)+k(y,y) —2k(x,y) < Vx,yeX,

| Togllx — yll|**7°
then there exists a version of & with continuous sample paths. This is a very weak condition,
which is satisfied by all commonly used continuous covariance functions on R? (e.g., geometri-
cally anisotropic or tensor-product Matérn covariance functions).

Remark 2.5. The setting described in this section arises, notably, when considering from a
Bayesian point of view the following nonparametric interpolation/regression model with het-
eroscedastic Gaussian noise:

Zn = f(Xy) + t(Xyn)Un, n=12,... (2.2)
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with a continuous Gaussian process prior on the unknown regression function f. In this case, m
and k are the prior mean and covariance functions of &.

2.2. Gaussian random elements and Gaussian measures on C(X)

Let S = C(X) denote the set of all continuous functions on X. Since X is assumed compact, S
becomes a separable Banach space when equipped with the supremum norm ||-||. We recall
(see, e.g., [2], Theorem 2.9) that any Gaussian process (£(x))rex With continuous sample paths
on a compact metric space satisfies E(||€] ) < 00.

Any Gaussian process (£(x))yex With continuous sample paths can be seen as a Gaussian
random element in S. More precisely, the mapping £ : Q@ — S, w — &(w, -) is F/S-measurable,
where S denotes the Borel o-algebra on S, and the probability distribution P¢ of £ is a Gaussian
measure on S. The reader is referred to Vakhania, Tarieladze and Chobanyan [60] and Ledoux
and Talagrand [40] for background information concerning random elements and measures in
Banach spaces, and to van der Vaart and van Zanten [61] and Bogachev [9] for more information
on the case of Gaussian random elements and measures.

We will denote by M the set of all Gaussian measures on S. Any v € M is the probability
distribution of some Gaussian process with continuous sample paths, seen as a random element
in S. The mean function m, and covariance function k,, of this Gaussian process are continuous
(see Remark 2.4) and fully characterize the measure, which we will denote as GP(m,, k,,). We
endow M with the o -algebra M generated by the evaluation maps 74 : v~ v(A), A € S. Using
this o -algebra, conditional distributions on S — seen as transition kernels from €2 to S — can be
conveniently identified to random elements in M (see, e.g., [37], pp. 105-106).

Given a Gaussian random element & in S, we will denote by B (&) the set of all Gaussian
conditional distributions of &, that is, the set of all random Gaussian measures v such that v =
P(& € - | F') for some o-algebra 7' C F. Note that we use a bold letter v to denote a random
element in M (i.e., a random Gaussian measure), and a normal letter v to denote a point in the
same space (i.e., a Gaussian measure). Not all conditional distributions of the form v =P(§ € - |
F’) are Gaussian, but an important class of such Gaussian conditional distributions is discussed
in the following section and in Proposition 2.9.

2.3. Conditioning on finitely many observations

It is well known that Gaussian processes remain Gaussian under conditioning with respect to
pointwise evaluations, or more generally linear combinations of pointwise evaluations, possi-
bly corrupted by independent additive Gaussian noise (explicit expressions of the conditional
mean and covariance functions are recalled in Appendix A.2). In the language of nonparametric
Bayesian statistics (see Remark 2.5), Gaussian process priors are conjugate with respect to this
sampling model. The following result formalizes this fact in the framework of Gaussian mea-
sures on S, and states that the conjugation property still holds when the observations are made
according to a sequential design.
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Proposition 2.6. For all n > 1, there exists a measurable mapping

X xR)" x M — M,
(2.3)
('xlvzl7"'7~xnvzl‘l’v)HCOnXm‘Zl ,,,,, )Cn,Zn(]))a

such that, for any Pé € M and any sequential design (X,)>1, Condy, z,,.. X,.Z, (P%) is a con-

ditional distribution of & given JF,.

.....

A proof of this result is provided in Appendix A.2. In the rest of the paper, we will denote by
P,i = GP(my, k,) the conditional distribution Condy, z,.... x,.2, (PE) of & given F,,, which can
be seen as a random element in (M, M). The posterior mean m,, is also referred to as the kriging
predictor (see, e.g., [16,23,58]). Note that m,, (respectively, k,) is an JF;,-measurable pI‘OCCSS2
on X (respectively, X x X), with continuous sample paths. Note also that mo = m and kg = k.
Conditionally to F;,, the next observation follows a normal distribution:

Zns1 | Fu~ N (mn(Xng1), 52 (Xnt1)), (2.4)

where 52 (x) = ky (x, x) + T2(x).

2.4. Convergence in M
We consider in this paper the following notion of convergence on M.

Definition 2.7. Let v, = GP(m,, k,) € M, n € NU {4+00}. We will say that (v,) converges to
Voo, and write v, — Vo, if m, — my uniformly on X (i.e., m,, - my in S) and k, — koo
uniformly on X x X.

Remark 2.8. In other words, we consider the topology on M induced by the strong topology on
the Banach space C(X) x C(X x X), where M is identified to a subset of this space through the
injection v — (m,, k).

Let us now state two important convergence results in this topology, that will be needed in
Section 3. In the first of them, and later in the paper, we denote by Foo = \/,,~.| Fu the o-algebra
generated by (| Fu-

Proposition 2.9. For any Gaussian random element & in S, defined on any probability space, and
for any sequential design (X,)n>1, the conditional distribution of & given F, admits a version

Pio which is an Foo-measurable random element in M, and Pf, — Pio almost surely.

Proposition 2.10. Let v € M and let (xj,z;) — (x,z) in X x R. Assume that k,(x, x) +
72(x) > 0. Then Condy; ;; (v) — Condy - (v).

2i.c:., a measurable process when considered as defined on (€2, F) instead of (2, F)
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Proof. See Appendix A.3 for proofs of both results. ]

3. Stepwise uncertainty reduction

3.1. Uncertainty functionals and uncertainty reduction

As explained in the Introduction, the definition of a SUR strategy starts with the choice of an
uncertainty functional A, which maps the conditional distribution Pf, to a measure H, of residual
uncertainty for the quantity of interest. The minimal value of the uncertainty functional represents
an absence of uncertainty on the quantity of interest: for clarity, and without loss of generality
as long as H is bounded from below and attains its minimum, we will assume in the rest of this
section that min # = 0, thus restricting our attention to non-negative uncertainty functionals.

More formally, let H denote a measurable functional from M to [0, +00). Since Pf, is an

Fn-measurable random element in (M, M), the residual uncertainty H, = ”H(Pi) is an JF,-
measurable random variable. A key observation for the convergence results of this paper is that
many uncertainty functionals of interest — examples of which will be given in Section 4 — enjoy
the following property.

Definition 3.1. A measurable functional H on M will be said to have the supermartingale prop-
erty if, for any Gaussian random element & in S, defined on any probability space, and for any
sequential design (X,),>1, the sequence (H(Pi))nzo is an (F,)-supermartingale.

The supermartingale property echoes DeGroot’s observation that “reasonable” measures of
uncertainty should be decreasing on average for any possible experiment [17]. To discuss this
connection more precisely in our particular setting, let us consider the following definition.

Definition 3.2. Let My denote a set of probability measures on a measurable space (E, £), and
let My denote the o -algebra generated on M by the evaluation maps. For any random element
v in (M, My), defined on any probability space, let v denote the probability measure defined
by v(A) = E(w(A)), A € £. We will say that a non-negative measurable functional H on My
is decreasing on average (DoA) if, for any random element v in (M, My) such that v € M,
E(H(v)) =H®).

Note that, if the set M is convex, DoA functionals on Ml are concave. The converse statement
is expected to be false, however, since Jensen’s inequality does not hold for all concave function-
als in infinite dimensional settings (see [47], for extensions of Jensen’s inequality under various
assumptions). The set M of all Gaussian measures on S is not convex, but all the uncertainty
functionals presented in Section 4 can in fact be extended to DoA — hence concave — functionals
defined on some larger convex set of probability measures.>

3More precisely, the functionals discussed in Sections 4.1 and 4.2 can be extended to DoA functionals on the set of all
probability measures on S, and those of Sections 4.3 and 4.4 to DoA functionals on the set of all probability measures v
on S such that E(max & — min&) < 4-o0 for & ~ v.
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Remark 3.3. Let 8 : S — R” denote a measurable function, and let v# denote the image of
v by B. Then it is easy to see that any functional of the form H(v) = H'(v#) is DoA, where
‘H’ denotes a DoA functional defined on some appropriate subset of the set of all probability
measures on R”; the reader is referred to [32] for a variety of examples of such functionals.
Section 4.2 provides an example of this construction, with p = 1 and H' the variance functional.

The supermartingale and DoA properties are easily seen to be connected as follows.
Proposition 3.4. If H is DoA on M, then it has the supermartingale property.

Let us conclude this section with another useful property of functionals. Recall that 3(§)
denotes the set of all Gaussian conditional distributions of & (see Section 2.2).

Definition 3.5. A measurable functional 7 on M will be said to be SB-uniformly integrable
if, for any Gaussian random element £ in S, defined on any probability space, the family
(H(»))vep (&) is uniformly integrable.

Proposition 3.6. Let H denote a measurable functional on M. If there exists L € (e LS,
S, v) such that |H(v)| < fS Lt dv for all v € M, then H is B-uniformly integrable.

Proof. Let & denote a Gaussian random element in S and let v =P(§ € - | ') € P(&). Then we
have |H(v)| < E(L* (&) | '), and the result follows from the uniform integrability of conditional
expectations (see, e.g., [37], Lemma 5.5). O

Remark 3.7. If H is *B-uniformly integrable and has the supermartingale property then, for any

sequential design, the sequence (H,) is a uniformly integrable supermartingale (since {Pf,} C
9B (&)), and thus converges almost surely and in L'.

3.2. SUR sequential designs and associated functionals

The SUR sampling criterion introduced informally as J,,(x) = E, x(Hy+1) in (1.2) can now be
more precisely defined as

Jn(x) :E”(H(CondxsZnJrl(X)(Pi)))’ 3.1

where Z,11(x) =&(x) + Up4+17(x). A SUR sequential design is then built by selecting at each
step, possibly after some initial design, the next design point as a minimizer of the SUR sampling
criterion J,;:

Definition 3.8. Let /{ denote a non-negative measurable functional on M.

(1) We will say that (X,,) is a SUR sequential design associated with the uncertainty func-
tional H if it is a sequential design such that X, € argmin J,, for all n > ng, for some
integer ng.
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(i) Given a sequence ¢ = (g,) of non-negative real numbers such that &, — 0, we will
say that (X,,) is an e-quasi-SUR sequential design if it is a sequential design such that
Jo(Xn+41) <inf J, + &, for all n > ng, for some integer ng.

Remark 3.9. In practice it is not always easy to guarantee that, for a given uncertainty functional
‘H, the sampling criteria J,, attain their infimum over X. Moreover, the actual minimization of
Jy, is typically carried out by means of a numerical optimization algorithm, which cannot be ex-
pected to provide the exact minimizer. For these reasons, it seems important to study the conver-
gence of quasi-SUR designs, as introduced by Definition 3.8.(ii), instead of the more restrictive
case of (exact) SUR designs. General existence results for SUR and quasi-SUR designs, based
on the measurable selection theorem for random closed sets, are provided in Appendix A.4.

Let us now introduce some useful functionals associated to a given (non-negative) uncertainty
functional . First, observe that J,(x) = Jx (Pi), where the functional 7, : Ml — [0, +00] is
defined for all x € X and v € M by

Jev) = / /S H(COnds. sy suriny 0) (A ) ) (3.2)

= A,H(Condxymv(x)+vxv(x)(V))¢(U) dv, (3.3)

with sg(x) = ky(x,x) + 72(x) and ¢ the probability density function of the standard normal
distribution. The mapping (x, v) = J;(v) is B(X) ® M-measurable (see Proposition A.6), and
it is easy to see that 7{ has the supermartingale property if, and only if,

T (V) <H(©), forall x € X and v € ML 34

Assuming that H{ has the supermartingale property, we will then denote by G, : M — [0, +00)
the corresponding expected gain functional at x:

Gx(v) =H(O) — T (v), (3.5)
and by G : M — [0, +00) the associated maximal expected gain functional:

G(v) =sup G, (v). (3.6)

xeX

Remark 3.10. Following [17], G, could be called the “information” brought by an evaluation
at x about the quantity of interest. This would be consistent with the usual definition of mutual
information, when H is taken to be the Shannon entropy of some discrete quantity of interest
(see, e.g., [15]). Note that DeGroot renamed it “expected information” in some of his subsequent
work on this topic (see, e.g., [18,19]).

Remark 3.11. Alternatively, SUR sequential designs can be defined by the relation X, €
argmax G,, where G, denotes the sampling criterion x > G, (x) := G, (Pi) =H,— J,(x). In
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the particular cases discussed in Sections 4.3 and 4.4, G, corresponds to the knowledge gradient
and expected improvement criteria, respectively.

3.3. General convergence results

Denote by Z; and Zg the subsets of M where the functionals # and G vanish, respectively. The
inclusion Zq; C Zg always hold: indeed, 0 < J, < H for all x by (3.4), thus 0 < G, <H, and
therefore 0 < G < H. The reverse inclusion plays a capital role in the following result, which
provides sufficient conditions for the almost sure convergence of quasi-SUR sequential designs
associated with uncertainty functionals that enjoy the supermartingale property.

Theorem 3.12. Let H denote a non-negative, measurable functional on M with the supermartin-

gale property. Let (X,) denote a quasi-SUR sequential design for H. Then G (Pf’;) — 0 almost
surely. If, moreover,

(i) H,= H(Pf,) — ’H(Pio) almost surely,
(ii) G(P5) — G(P5) almost surely,
(iii) Zy = Zg,

then H, — 0 almost surely.

The proof of Theorem 3.12 relies on two main ideas. First, because the sequence (H,) is a
non-negative supermartingale, the conditional mean of its increments goes to zero almost surely,
which implies by the quasi-SUR assumption that the maximal expected gain goes to zero as well.
Second, using Assumptions (i) and (ii), it is enough to study the limiting distribution Pio: this
is where the reverse inclusion Zg C Z4 is used to conclude that the uncertainty in the limiting
distribution is zero.

Proof. Since X, 4 is F,,-measurable, we have:

Ju(Xnt1) =E, (,H(Condxyznﬂ(x) (Pi))) |x=Xp+1

(3.7)
= En (H(CondXIH—I vZn+1 (Pfl))) = En (Hl’l"rl)'

Set A,+1 = H, — Hy,41 and Kn+1 =E,(Ay+1) = H, — E,(Hy+1). The random variables A,
are non-negative since (H,) is a supermartingale and, using that (X,) is an e-quasi-SUR design,
we have for all n > ng:

Ap1=H, —E,(Hpy1) = Hy — Jy(Xpy1) = Hy — ;Ielgg Jn(x) — &n, (3.8)

i.e., since J,(x) = jx(Pi) and Gy =H — Jx,

Api1 = supGo(Py) — 6, =G(P}) — e (3.9)

xeX
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Moreover, for any n, we have ZZ;(I) Ar = Hy — H,, and therefore

n—1 n—1
E(sz) = E(Z Ak> =E(Hy — H,) < E(Hp) < +00.
k=0 k=0

It follows that E(} "2, Ax) < 400, and thus A, — 0 almost surely. As a consequence, G (P5) —
0 almost surely, since 0 < G (Pf,) < Zn—i—l + &,.

Let now Assumptions (i)—(iii) hold. It follows from the first part of the proof that Q(P,%) -0
almost surely. Thus, G (Pio) = 0 almost surely according to Assumption (ii). Then "H,(Pio) =0
since Zg C Z34, and the conclusion follows from Assumption (i). ]

Remark 3.13. Note that the conclusions of Theorem 3.12 still hold partially if it is only as-
sumed that the condition J,(X, 1) <infJ, + &, holds infinitely often, almost surely: in this
case the conclusion of the first part of the theorem is weakened to liminf g(Pf,) =0, but the final
conclusion (H,, — 0 a.s.) remains the same.

Since Pf, — Pio almost surely by Proposition 2.9, Assumptions (i) and (ii) of Theorem 3.12
hold if H and G, respectively, are continuous. Assuming H to be continuous, however, would be
too strong a requirement, that some important examples would fail to satisfy. For instance, the
uncertainty functional

’H:vi—>/pv(l—p,,)d,u (3.10)
X

studied in Section 4.1, where p,(u) = fs 1 rw=rv(df) for some threshold T € R, is clearly
discontinuous at the degenerate measure v = GP(T'1x, 0). The following weaker notion of con-
tinuity will turn out to be suitable for our needs.

Definition 3.14. A measurable functional H on M will be said to be P-continuous if, for any
Gaussian random element £ in S, defined on any probability space, and any sequence of random

measures v, € P(&) such that v, 25 Voo € B(§), the convergence H(v,) 25 H(vso) holds.

Remark 3.15. The uncertainty functional (3.10) provides an explicit example of a functional
which is P-continuous (cf. the proof of Theorem 4.1) but not continuous. The expected im-
provement functional, discussed in Section 4.4, provides an example of a functional which is not
even *P3-continuous (see Proposition 4.11), but for which consistency can nonetheless be proved
by a direct application of Theorem 3.12.

Checking that G is *J3-continuous, however, is not easy in practice. The following results pro-
vides sufficient conditions for Assumption 3.12.(ii) that are easier to check.

Theorem 3.16. Let ‘H denote a non-negative, measurable uncertainty functional on M, and let
G denote the associated maximal expected gain functional. Assume that H = Ho + H1, where
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(i) Ho(v) = [ Lodv for some Lo € (,epq L£1(S, S, v), and
(i) Hp is P-uniformly integrable, *P-continuous and has the supermartingale property.

Then, for any quasi-SUR sequential design associated with H, G (Pio) = 0 almost surely.

Proof. First, note that ”H,()(Pf,) = E,(Lo(£)). Thus, since Lo € L!(S,S,P%), the sequence
(Ho(Pi)) is a uniformly integrable martingale (see, e.g., Kallenberg [37], Theorem 6.23), which
converges almost surely and in L' to Eqo(Lo(£)) = Ho(Pio)- As a consequence, ’H(Pi) 2%
H(Pio) since H is B-continuous and Pi 25 Pio by Proposition 2.9.

Let x € X. The functional H has the supermartingale property by the preceding argument,
and therefore H = Ho + H; also has the supermartingale property. Then, it follows from the first

part of Theorem 3.12 that Gy (P5) % 0, and thus
Te(P5) = H(PE) — G (P5) 25 H(PL). (3.11)

Let Pi,x = Condx,z(x)(Pi), with Z(x) = &(x) + t(x)U and U ~ N0, 1) independent from &
and the U, ’s, and observe that 7, (Pf,) =E, (H(Pi, +))- Consider then the decomposition:

T+ (P) =B (H(P5 ) = H(P& 1)) + En (H(P 1))
=B, (H1(P§ ) — H1 (P& v)) + En (H(PE 1)), (3.12)
where the second equality simply follows from the fact that E, (Ho(Pi, D)) =E,(Ho (Pio’ D) =

E, (Lo(£)) by the law of total expectation. The second conditional expectation in (3.12) is, again,
a uniformly integrable martingale that converges almost surely and in L':

En (H(Pho 1)) 255 B (H(P0)). 3.13)

n—oo

Moreover, note that
P =Condy, 7,....x,.Zy.x.2(x) (P5)
:COHdX’Z(x)’Xl,Zl ,,,,, Xn.Zn (Pg)

is the cgnditional dieribution of & at the (n + 1)th step of the modified sequential design (i n)
where X| = x and X, 1 = X, for all » > 1, with a modified sequence of “noise variables”
(l~]n) defined by l~]1 =U and 17,,+1 = U, for all n > 1. Note also that Pio’x corresponds to the
Eg)nditional distribution with respect to the o -algebra generated by X 1, Z 1 X 2, 22 ..., where the
Z,’s have been defined accordingly. As a result,

En(H1(P5 ) — H1(P.r)) % 0 (3.14)

since H; is P-continuous and P-uniformly integrable. Combine (3.12), (3.13) and (3.14) to
prove that 7, (Pi) — EOO(H(PiO,x)) in L', Then, it follows from a comparison with (3.11) that
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H(Pio) =E (’H(Pio, »)) almost surely, and therefore
Ge(P%) = H(P5) — Eao(H(Pi.)) =0  almost surely. (3.15)

To conclude, note that by Assertion (a) of Theorem A.8 the sample paths of Jo : x
Ewo (H(Pio, »)) are continuous on {x € X : sgo (x) > 0}. Let {x;} denote a countable dense subset
of X. We have proved that, almost surely, Gy; (Pio) =0 for all j. Using the continuity of J on

{sgo > 0}, and the fact that G, = 0 on {sgO = 0}, we conclude that, almost surely, G, (Pio) =0 for
all x, and therefore G (Pio) = 0, which concludes the proof. O

3.4. Uncertainty functionals based on a loss function

Let us now consider, more specifically, uncertainty functionals ‘H defined in the form of a risk:
Hw) = inf [ L(f,d)v(df) = inf L,(d), 3.16
) 32@/8 (fsdv(@df) Inf v(d) (3.16)

where I is a set of “decisions”, L : S x D — [0, +o0¢] a “loss function” such that L(-, d) is S-
measurable for all d € D, and L, (d) = fS L(f,d)v(df). All the examples that will be discussed
in Section 4 can be written in this particular form.

The following result formalizes an important observation of (DeGroot [17], p. 408) about
such uncertainty functionals — namely, that they always enjoy the DoA property introduced in
Section 3.1 (and thus can be studied using Theorem 3.12).

Proposition 3.17. Let H denote a measurable functional on M. If H is of the form (3.16), then
it is DoA on M, and consequently has the supermartingale property.

Proof. The result follows directly from the fact that # is the infimum of a family of linear
functionals (v — L, (d), for d € D) that commute with expectations: for any random element v
in M and any d € D,

E(Ly(d)) :E(/SL(f, d)v(df)) = Ly(d), (3.17)

where v is defined as in Definition 3.2. (In other words, the linear functionals v — L, (d) are
DoA themselves, with an equality in (3.17) instead of the inequality in Definition 3.2.) ]

An uncertainty functional of the form (3.16) is clearly M-measurable if the infimum over d
can be restricted to a countable subset of I (since the linear functionals v — L, (d) are M-
measurable by Lemma A.1). This is true, for instance, if D is separable and d +— L,(d) is con-
tinuous for all v. See Proposition A.4 for an example where L is discontinuous.

Three of the examples of SUR sequential designs from the literature that will be analyzed in
Section 4 are based on regular non-negative loss functions in the following sense.
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Definition 3.18. We will say that a non-negative loss function L : S x D — [0, +00) is regular
if
(1) D is a separable space,

(i) foralld €D, L(-,d) is S-measurable,
(>iii) for all v € M, L, takes finite values and is continuous on D,

and if the corresponding functionals H and G satisfy:

(iv) H = Ho + Hi1, where Ho(v) = fS Lodv for some Lo € [, cm LS, S, v), and H; is
B-uniformly integrable and $3-continuous,
(V) Zy =Zg.

The following corollary is provided as a convenient summary of the results that hold for un-
certainty functionals based on regular non-negative loss functions.

Corollary 3.19. Let H denote a functional of the form (3.16) for some non-negative loss func-
tion L. If L is regular, then H is a measurable functional that satisfies the assumptions of
Theorems A.8, 3.12 and 3.16. In particular, for any quasi-SUR design associated with H,
H, = ’H(Pi) — 0 almost surely.

4. Applications to popular sequential design strategies

This section presents applications of our results to four popular sequential design strategies, two
of them addressing the excursion case (Sections 4.1 and 4.2), and the other two addressing the
optimization case (Sections 4.3 and 4.4). For each example, the convergence results are preceded
by details on the associated loss functions, uncertainty functionals and sampling criteria.

4.1. The integrated Bernoulli variance functional

Assume that X is endowed with a finite measure u and let 7 € R be a given excursion threshold.
For any measurable function f : X+ R, let I'(f) ={u € X: f(u) > T} and a(f) = u(T(f)).
The quantities of interest are then I'(§) and «(§). Let p,(u) =E,(1rg) ) =P, (E(u) > T).
A typical choice of measure of residual uncertainty in this case is the integrated indicator — or
“Bernoulli” — variance [6]:

HnZ/Xpn(l_pn)dﬂ» 4.1

which corresponds to the uncertainty functional

'H(U)=/ pv(I=py)du, veM, (4.2)
X
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where p,(u) = fS 1ruw=rv(df). See [13] for more information on the computation of the cor-
responding SUR sampling criterion

Jn(x) :En,x (/}; Dny1(1 — Pn+l)d,u>-

The functional (4.2) can be seen as the uncertainty functional induced by the loss function
L:SxD—[0,+00),

4.3)
(f.d) = I1r(p) = dli7a 0

where D € L%(X) is the set of “soft classification” functions on X (i.e., measurable functions
defined on X and taking values in [0, 1]). Indeed, for all v € M and & ~ v,

L) =E(L& &) = |py — 2, + / po(l = pu) du

is minimal for d = p,,, and therefore H.(v) = infzep L, (d).
The following theorem establishes the convergence of SUR (or quasi-SUR) designs associated
to this uncertainty functional using the theory developed in Section 3.4 for regular loss functions.

Theorem 4.1. The loss function (4.3) is regular in the sense of Definition 3.18. As a consequence,
all the conclusions of Corollary 3.19 hold, and in particular H(Pi) 25 0 for any quasi-SUR

design associated with H.
Proof. The proof consists in six points, as follows:
(a) D is separable

The space L>(X) is a separable metric space since X is a separable measure space (see, e.g.,
Theorem 4.13 in [10]). Hence, D is also separable.

(b) foralld € D, L(-,d) is S-measurable

Indeed, f — fX(Jl fo=r —d (x))%(dx) is S-measurable by Fubini’s theorem since the inte-
grand is S ® B(X)-jointly measurable in (f, x).

(c) forall v e M, L, takes finite values and is continuous on I

Here L, is clearly finite since the loss is upper-bounded by 1 (X), and its continuity directly
follows from the continuity of the norm.

(d) H = Ho + H1, where Ho(v) = [ Lodv for some Lo € (), £'(S, S, v), and H; is
B-uniformly integrable

Here this holds with Ly = 0 and H; = H. Indeed, H is trivially *3-uniformly integrable since
the loss is upper-bounded.

(e) H; is P-continuous



Supermartingale approach to Gaussian process design of experiments 2899

Let & ~ GP(m, k) and let (v,,) be a sequence of random measures v,, € P3(§) such thata.s. v, —
Voo €P(€). For n € NU {00}, let m,, and k,, be the (random) mean and covariance functions of
v,,. Foru e X and n € NU {oo}, let also 02(u) = k(u, u), 02 (u) = kn(u, u), and

>Yn

(T —my(u)
gn(u) = g(¢<7))
on(u)

where g(p) = p(_l — p) and ®(t) = P(Z > t) where Z is a standard Gaussian variable, with the
convention that ®(0/0) = 1. We will prove below that, for all n € NU {+o00},

H(v) = /X o)) 22 fA g ) (), (4.4)

where A denotes the random subset of X defined by
Alw) = {u eX:o()>0,00(w,u) =0,me(w, u) # T} U {u eX:o()>0,00(w,u) > 0}.

The motivation for using (4.4) is that it is easy to prove the convergence of g,(w,u) for
u € A(w) and that the set A(w) does not depend on n, which makes it possible to conclude
using the dominated convergence theorem on the set A(w) for almost all w. In more detail:
since v, — vV almost surely, it holds for almost all w € Q that m,(®, ) = Mmeo(w,-) and
on(w, ) = 0eo(w, -) uniformly on X. Furthermore, for each u € A(w), either oo (w, u) > 0 or
Oxo(w,u) =0, meo(w, u) # T. In both cases, we have that g(@([mn (w,u) — T]/on(w,u))) —
(D ([Moo(w, ) — T1/0so(w, u))). So, for almost all w €  we can apply the dominated conver-
gence theorem on A(w) and thus obtain that

H(vn) = /A gn ()1 (du) —= H(voo) = /A goo ()p1(dur),

which proves the claim.

Let us now prove (4.4). Observe first that, for any u such that o (1) = 0, we have o, (1) =0
for all n € N U {00} since v, € P(&). Hence, g, (1) 22 (0 when o (1) = 0. [This is because of the
convention ®(0/0) = 1, which yields g, (u) = gL, w>1) =0 when o, (1) = 0, regardless of
whether m, (1) = T or not.] Thus, setting B(w) ={u € X; 0 (u) > 0, 000 (@, u) =0, moo(w, u) =
T}, we have for all w € Q

X={ueX, o) =0}UA() U B(),

and the three sets of the right-hand side of the previous display are disjoint. Since, as discussed
above, g, (1) 0 for any u such that o (1) = 0, we obtain

H(vn)zg‘/Agn(u)u(du)+/Bgn(u)u(du)~

Thus, in order to prove (4.4), it is sufficient to show that

fB gn ()1 (du) = 0. 4.5)
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We will now establish (4.5) by proving that, in fact, «(B) = 0 almost surely. First, since

(w,u) = Mmoo (w, u) and (w, u) — o (w, u) are jointly measurable (by continuity of m(w, -)
and o4 (w, -) for all w € ), it follows from the Fubini-Tonelli theorem that

E(,U«(B)):A10(u)>0E(]ono(u)=0]1moc(u):T)H«(du)- (4.6)

Then we have, for any u € X

E (Lo (=0 (8 1) — Moo ())7) = B(E[Lo (=0 (E @) — meo@))*1FL])
(Lo (=0 B[ (£ ) — moo )1 7L ])
1

( Os0 (u):anzo (M))

E
E
O,

where F/ denotes the o-algebra such that vo, = P(§ € - | F). Hence, the random variable
Lo )=0( M) — Moo (u))? is almost surely zero, since it is non-negative and has a zero expecta-
tion. Thus, for any u € X, the implication

o) =0 = &) =moo(u)
holds almost surely. As a consequence, we have
Lo w)>01on ()=0Lms )= = Lo w)>01oo w)=0Le@w)=T
< Low>0lew=r
=0

almost surely, since &(u) ~ N (0, o (u)?). Hence, the integrand in the right-hand side of (4.6) is

zero, which implies that E(u(B)) = 0, and therefore w(B) 0 since w(B) is a non-negative
random variable. Thus, (4.4) holds and the proof of (e) is complete.

() Zy=Zg

Let v € Zg and let & ~ v. Let m, k, o2 be defined as above. Let U ~ N (0, 1) be independent
of £. Since G(v) =0, we have from the law of total variance

fx var(E(Leys11Z2)) i (du) = 0

for all x € X, where Z, = &(x) 4+ t(x)U. Hence, for all x € X, for almost all u € X, we have
T — m(u) — M (Ze—me)

var<<f>< T )) =0,
\/Uz(u) _ kGw)?

02 (x)+72(x)
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which implies that k(x, #) = O (as can be proved without difficulty by separating the cases of nul-
lity and non-nullity of the denominator). Thus, if there exists x* for which o2 (x*) = k(x*, x*) >
0, we obtain a contradiction, since then k(x, u) > 0 in a neighborhood of x* by continuity. We
conclude that o2(x) = 0 for all x € X, and therefore H(v) = 0. U

In the next proposition, we refine Theorem 4.1 by showing that it entails a consistent estimation
of the excursion set I" ().

Proposition 4.2. For any quasi-SUR design associated with H, as n — 00, almost surely and in
L',

/X(ﬂs(u>zr — pa(w))* u(du) > 0
and

/X(Jlg(u)zr - ]lpn(u)zl/z)zu(du) — 0.
Proof. From steps (e) and (f) in the proof of Theorem 4.1, it follows that

/X(JIE(M)ZT —p,,(u))z,u(du) g[q@gm);r —pn(u))zu(du).

Also, for almost all w €  and all u € A(w), pp(w, u) = Lgw,u)>T a5 1 — 00 since 0, =0 a.s.
from the proof of (f) in Theorem 4.1 and the conclusion of this theorem. Hence, the first part of
the proposition follows by applying the dominated convergence theorem twice. The proof of the
second part of the proposition is identical. (]

4.2. The variance of excursion volume functional

Following up on the example of Section 4.1, we consider now the alternative measure of residual
uncertainty H,, = var,(«(&)) from [6,13]; in other words, we consider the uncertainty functional

—\2
H(v) Z/S(Oé(f) — @) vdf), 4.7
where o, = fS a dv. The corresponding sampling criterion is

Jn(x) =Ep « (Varn-'rl (Oé(%')))

This uncertainty functional again derives from a loss function: indeed, L(f, d) = («(f) — d)2
with D = R leads to

Lyt (d) = B[ ((®) — d)*] = var, (@(®)) + (Ex (2(6)) —d)*,
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where LPg reaches its infimum for d = E, («(£)), and therefore H,, = infcp LPs (d). As in the
previous section, consistency is established in the following theorem by proving that the loss
function L is regular.

Theorem 4.3. The loss function L(f,d) = (a(f) — d)?, where d € D = R, is regular in the

sense of Definition 3.18. As a consequence, all the conclusions of Corollary 3.19 hold, and in

particular "H(P,%) 250 for any quasi-SUR design associated with H.

Proof. The proof consists of the same six points as the proof of Theorem 4.1. Here (a) and (c)
are obvious. Let us now prove the four remaining points.

(b) Since L(f,d) = (fX 1rwys>Tmu(du) — d)2, it can be shown similarly as in the proof of
Theorem 4.1 that, for any fixed d € D, L(f, d) is an S-measurable function of f.

(d) We use again Ly = 0 for this criterion. The functional | = H is trivially B-uniformly
integrable since 0 < H; < ,u(X)z.

(e) Let us now show that H; = H is B-continuous. Let & denote a random element in S, & ~
GP(m, k), and let (v,,) be a sequence of random measures v,, € B(£) such that v, — v, € P(&)
almost surely. For all n € NU {400}, let F, denote a o-algebra such that v, =P(& € - | F)).
Then, using Fubini’s theorem, we can rewrite H(v,,) as

H(Vn):/fCn(”lvMZ)M(dul)/L(dMZ)y
XJX

where ¢, (u1, u2) = cov(Lgw)>7> Leuy)>T | F,) for n € NU {+o00}. Consider the partition
X:{ueX,a(u):O}UA(a))UB(w), w e Q,

where o, A and B are defined as in the proof of Theorem 4.1. Recalling from step (e) of this
proof that var(Lgu)>7 | F,) = 0 when o (4) = 0, and that w(B) = 0, we obtain that, for all
n € NU {4o0},

o0 [ et uptdn ).
AJA
For j =1,2 and u; € A(w), we have either oo (1) > 0 or 000 (1j) =0, meo(uj) # T. Hence,

for almost all w € 2, for u; € A(w) and u; € A(w), we obtain ¢, (41, uz) = coo(u1, u2) by the
following lemma (proved later).

Lemma 4.4. Let m;,, = (m,1, my)" — (my,my)" =m as n — oo. Consider a sequence of co-
variance matrices X, such that

5, - (Unl Gnu) <01 Uu) 5
Onl2 Op2 ) n—oo \O12 02
Assume that for i = 1,2 we have m; # T or o; > 0. Let Z, ~ N (m,,, ) and Z ~ N'(m, 2).
Then as n — oo, cov(lz,,>1}, 1(z,,>7}) = cov(liz,>T}, L{z,>T})-
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Finally, using the dominated convergence theorem on A(w) x A(w) for almost all w € 2, we
conclude that H(v,) — H (v~ ) almost surely, which proves that # is J3-continuous.

(f) Letv e M and let £ ~ v. Letalso Z, = &(x) +t(x)U, with U ~ N(0, 1) independent of &,
so that 7 (v) = E(var(« (&) | Zx)). We first remark that, from (3.5) and the law of total variance,
for any x € X,

Gr(v) = var(a(§)) — E(var(a(§)|Zx)) = var(E(a(§)]Zx)). 4.8)
Then we have the following sequence of equivalences:

G =0 < VvWwxeX G =0
& VxeX, var(E(a(é) | Zx)) =0
& VreX a@) —E(a@) L LX(Z,). (4.9)

The first equivalence follows directly from the definition of G: G(v) = sup, x Gx (), since G, (v)
is non-negative for all x € X, the second one from (4.8), and the third one from the fact that
E(x(&) | Zy) is the orthogonal projection of «(£) onto L3(Z,).

Let now v € Zg. Using Lemma A.10, it follows from (4.9) that o(§) — E(x(§)) L Lz(é(x)),
for all x € X. In particular, a(§) — E(@(§)) L lgx)>7, for all x € X, and thus

var(a(§)) = / cov(a(§), Tgx)=7)pn(dx) =0,
which concludes the proof. (]

Proof of Lemma 4.4. By the convergence of moments and Gaussianity, (Z,, Z,2) converges
in distribution to (Z1, Z>). Furthermore, from the assumptions the cumulative distribution func-
tions of Z; and Z; are continuous at 7', which implies that, by the Portemanteau theorem,
P(Z,; > T) - P(Z; = T). In addition, Y := min(Z, Z,) also has a continuous cumula-
tive distribution function at 7" and, as E(1{z,>11{z,>1}) = P(Y > T), we get similarly that
E(1z, >111z,,>7)) = E(1{z,>111{z,>T}), which completes the proof. [l

Similarly as before, in the next proposition, we show that Theorem 4.3 yields a consistent
estimation of the excursion volume.

Proposition 4.5. For any quasi-SUR design associated with H, as n — 0o, almost surely and in

L', E,(a(8)) — a(®).

Proof. Let o = «a(§). We know from, for example, Theorem 6.23 in [37], that E,,(0) — Eoo ()
almost surely and in L. Moreover, it follows from Theorem 4.3 that var, (o) — 0 almost surely,
and therefore E(var,(«)) — 0 by dominated convergence. Hence, E(E,[(E,(x) — a)z]) — 0,
which shows that E,, (o) converges in L', and thus almost surely as well, to Eqo () L. ([l
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Remark 4.6. Contrary to the case of the integrated Bernoulli variance functional in Proposi-
tion 4.2, it is not possible to prove that a SUR sequential design associated with the uncertainty
functional (4.7) results in a consistent estimation of the set I'(§) = {u € X : &(u) > T'}. Indeed,
for instance, let X = [—1, 1], let u be Lebesgue measure, let T = 0 and let £ have zero mean func-
tion and covariance function k defined by k(u, v) = uv for u, v € [—1, 1]. Then, almost surely,
the set I'(§) is equal to [—1, 0] or to [0, 1] (with probabilities 1/2 for both cases). Hence, we
have, with v the distribution of &, H(v) = 0 because «(§) = 1 almost surely. Thus, any sequen-
tial design (X,),>1 is a SUR sequential design associated with (4.7), since we have J,(x) =0
for any x € X and n > 1. However, the conclusions of Proposition 4.2 clearly do not hold for any
sequential design. For instance, if X,, =0 for all n > 1, we have p, (1) =1/2 for all u € X.

As a conclusion, for the SUR strategy associated with the uncertainty functional (4.7), and thus
based on u(I'(£)), it can only be guaranteed that w(I"(£)), but not I'(£) in general, is estimated
consistently.

4.3. The knowledge gradient functional

Coming to the topic of sequential design for global optimization, we now focus on the knowledge
gradient criterion [25,26,55], which is an extension to the general (noisy) case of the strategy pro-
posed in the 70s by [43] for the noiseless case. We shall consider, here and in the next section, the
case of a maximization problem. The knowledge gradient sampling criterion, to be maximized,
is then defined by

G, (x) =E, x(maxm,1) — maxmy, 4.10)

with maxima taken over the whole domain X as in [25,26] for the case of a discrete X, and in
Section 3 of [55] for the case of a “continuous” X; we do not consider the KGCP approximation
introduced in Section 4 of [55].

Remark 4.7. The quantity max m,, in (4.10) does not depend on the sampling point x, and thus
plays no part in the selection of the next observation point. The motivation for writing G, (x)
in this form is that the sampling criterion thus defined is non-negative, and becomes equal to
zero when o, = 0. The first term in the right-hand side of (4.10) is exactly the sampling criterion
proposed by [43] in the noiseless case.

The following criterion, to be minimized, clearly defines the same strategy as (4.10):

Jn(x) =E; (max§) — E, x(maxmy1)

= En,x (]—'Tln—t-l(nlaX &) — max mn+1)a

and clearly appears, under the second form, as the SUR sampling criterion corresponding to the
uncertainty functional

H(v) =/mava(df) — maxm,,. 4.11)
S
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Moreover, the original sampling criterion (4.10) is easily seen to be the value G, (x) = G, (Pf,)
of the associated expected gain functional.

This time again, the uncertainty functional H derives from a loss function, with D = X and
L(f,d)=max f — f(d), leading to

Zpg (d) =Ep(max§) — my(d).

The average loss Zps reaches its infimum for d € argmaxm,,, and so H, = infzep Zpg (d). Fol-
lowing the same route as in the last two sections, we have:

Theorem 4.8. The loss function L(f,d) = max f — f(d), where d € D =X, is regular in the
sense of Definition 3.18. As a consequence, all the conclusions of Corollary 3.19 hold, and in

particular ’H(Pi) 250 for any quasi-SUR design associated with ‘H.

Proof. The proof consists in the same six points as in the proof of Theorem 4.1.

(a) X'is a compact metric space, hence separable.

(b) The mapping L(-,d) : f +— max f — f(d) is continuous on S, hence S-measurable.

(©)Ly:dr fmax fv(df) —m,(d) is continuous since m, € S for all v € M.

(d) Let Lo(f) = max f. Since X is compact, it holds for any Gaussian measure v € M and
any £ ~ v that E(maxx |£]) < oo (see Section 2.2), and thus we have Lo € (), oy L£YS, S, v).
Moreover, it follows from Proposition 3.6 that H; : v — —maxm,, is B-uniformly integrable,
since |H1(v)| < [ LT dv with LT(f) :=max|f|,and LT € (), oy LS, S, v).

(e) H1 : v — —maxm, is continuous, hence *$3-continuous. Indeed, consider a sequence
of measures v, € M converging to a limit vo, € M in the sense of Definition 2.7. Then m,,
converges uniformly to m,, as n — oo, and therefore #;(v,) = —maxm,, converges to
H1(veo) = —maxm,,, by continuity of f — max f on S.

(f) LetveZg and let £ ~ v. Let m, k, o2 be defined, w.r.t. £, as in the proof of Theorem 4.1.
Let Z, = &(x) + t(x)U with U ~ N(0, 1) independent of &. Let x* € argmaxm. We have, for
all x € X,

0=0,(v) =H(®) — T (v)
= (E(max &) — maxm) — E(E(maxg | Zy) — maxE(£G) | zx))
:E<I;1€a§E(g(u) | Zx)> —m(x*), (4.12)
by the law of total expectation and the optimality property of x*. For all x, y € X it holds that
m(x) = B(E(§ (") | Zx)) < E(max(E(E() | Z:). E((x*) 1 Z4))) < E(maxE(s ) | Z,)).
and therefore, using (4.12),

0 < E(max(E(§(")IZx). E(¢ (x*)1Zx)) — E(£ (x*)1Zx)) < Ge () =0.



2906 J. Bect, F. Bachoc and D. Ginsbourger

Setting Wy, :=E(&(y) | Zx) — E(5(x™) | Z,), we have thus proved that E(max(0, W, ,)) =0,
from which it follows that var(Wy ,) = 0 since

k(-xv y) _k(xv'X*)
o2(x) + 12 (x)

Wyy =m(y) — m(x*) + 102 (0) 1 22(x)=0 (Zx - m(x))

is Gaussian. Observe now that

(k(x,y) — k(x,x*))?
o2(x) + 1t2(x)

Var(Wx,y) = ]102(x)+12(x)>0

Hence it must be the case that either o2(x) 4+ 72(x) = 0 or k(x, y) = k(x, x*). But, if o2(x) +
72(x) = 0 then o (x) = 0 and therefore k(x, y) = k(x, x*) = 0. Summing up, we have proved
that

k(x,y) =k(x, x*), Vx,yeX.

As a consequence, for all x, y € X, we have
k(x,x) —k(x,y) =k(x,x*) —k(x,x*) =0,
and therefore

var(§(x) — &) = (k(x,x) —k(x, ) + (k(y, y) —k(x,y)) = 0.

It follows that, almost surely, the sample paths of & — m are constant over X, and so max§ =
E(x*) — m(x™) + maxm = £(x™). We have thus proved that H(v) = E(max &) — m(x*) = 0 for
any v € Zg, which concludes the proof. ]

In the next proposition, we refine Theorem 4.8 by showing that the loss max& — £(X}) goes
to zero for any sequence of optimal decisions X' € argmax m,,.

Proposition 4.9. Let (X)) be any sequence of F,,-measurable X-valued random variables such
that X € argmax m,, almost surely for all n. Then, for any quasi-SUR design associated with H,
&(X) — max £ almost surely and in L.

Proof. From step (f) in the proof of Theorem 4.8, and the fact that ’H(Pgo) = 0, it follows that
the sample paths of & — my, are almost surely constant over X. Let X* denote an X-valued
random variable such that X* € argmax &. Then, we have

limsup(E(X*) — é(X;‘)) =limsup(moo(X*) — moo(X;’;)) = limsup(m,, (X*) - mn(X:;)) <0

n—o0 n—-oo n—o00

almost surely. This implies, since £§(X*) — £(X) > 0, that £(X}) — £(X*) = max£ almost
surely. Convergence in the L' sense is finally obtained by the dominated convergence theorem. (]
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4.4. The expected improvement functional

This section addresses the celebrated expected improvement strategy [36,43].* Assume that exact
(noiseless) evaluations can be made, in other words, that 7(x) = 0 for all x € X: then, we define
the expected improvement criterion, to be maximized, as

Gn(x) =Epx(My11 — My), (4.13)

with M,, = maxyex.q, (x)=0 §(x) and a,% (x) = ky(x, x). Observe that, on the right-hand side of
(4.13), similarly to Remark 4.7 for the knowledge gradient criterion, only M, actually depends
on the new observation point X,+; = x. Note also that we need at least one x € X such that
on(x) =0 for M, to be well defined, which is always true as soon as n > 1 (in practice, (4.13) is
typically used after an initial design of size ng > 0).

Remark 4.10. Our definition of the EI strategy, and in particular of the current best value M,,,
differs slightly from the usual one [36], which takes M,, = max(£(X1), ..., £(Xy)). This minor
variation is necessary if we want to see the EI strategy as stemming from some uncertainty
functional. Remark that, in the case of a non-degenerate Gaussian process (i.e., when o, (x) =0
if and only if x € {X1,..., X,;}), the two definitions of M,, coincide and the criterion can be
written more familiarly as

Gp(x) = E, (max (0, £(x) — My)). (4.14)

The sampling criteria (4.13) and (4.14) no longer agree in general, since it can happen for degen-
erate Gaussian processes that M, > max(£(Xy),...,&(X,)). Degeneracy occurs, for example,
in the case of finite-dimensional Gaussian processes (i.e., linear models with a Gaussian prior
on their coefficients), or for processes with pathwise invariance properties [28] (for instance
E(x) = —&(—x) for all x € X, almost surely).

It turns out that the sequential design obtained by iteratively maximizing (4.13) can be inter-
preted as a SUR sequential design. Indeed, we have

En,x(Mn+1 —M,)=E,(max§ — M,) — En,x(max‘g - M,11),

where the subscript “x” has been dropped from the first expectation since its argument does not
depend on the position X,y of the next evaluation. Thus, using the fact that E, ,(max&) =
E, x(Ey+1(max&)) by the law of total expectation, we see that maximizing (4.13) is equivalent
to minimizing

Ju(x) = En,x (En—&-l(man) - Mn+l),

4As explained in Section 4.3, the strategy originally proposed by [43] — and earlier work in Russian by J. Mockus
and A. Zilinskas — is more accurately described, in principle, as a special (noiseless) case of what we have called the
“knowledge gradient” strategy. However, for the particular Brownian motion-based Gaussian process prior used in [43],
the maximum of m,, always occurs at an observation point, and the criterion of [43] then coincides (see page 21 of the
paper) with what is, currently, commonly referred to as the expected improvement criterion.
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which is precisely the SUR strategy associated with the uncertainty functional defined, for any
v € M such that o, vanishes at at least one x € X, by

xeXioy (x)=0

H() =/mava(df) —  max my(x). 4.15)
S

Indeed, max,ex.o, (x)=0 & (x) = maXyeX:o, (x)=0 My (x) for any such v and any & ~ v. Moreover,
the expected improvement criterion G, turns out to be the value G, (x) = G, (Pf,) of the associ-

ated expected gain functional. In order to have an uncertainty function  that is well defined on
all of M, set

H) = /(maxf —min f)v(df) (4.16)
S

for all v € M such that o, does not vanish.

The uncertainty functional (4.15)—(4.16) is measurable (see Proposition A.4) and can be asso-
ciated with a certain loss function, as shown in the following result. Contrary to the case of the
three previous criteria, however, this loss function is not regular in general.

Proposition 4.11. The EI uncertainty functional is of the form (3.16), with L the loss function
defined on the decision space D =X x (RU {—o0}), forany f €S and d = (x*,z*) € D, by

max f —z* iff(x*):z* and 7* > —oo0,
L(f,d)= {max f —min f if 7" = —o0, 4.17)
+00 otherwise.

Assuming that X C R? has a non-empty interior, the loss function (4.17) is not regular, and nei-
ther would be any other loss function that could be associated with the EI uncertainty functional.

Proof. Let us first prove that H is of_the form (3.16). Let ve M, £ ~v and d = (x*, %) €
D. Then the average loss is equal to L,(d) = E(max& — min&) if z* = —oo and, using the
convention (4+00) -0 =0, to

Ly(d) =E(L(,d))
=E((max§ — 2%)1g(r)=z+) 4+ (+00) - P(§ (x¥) # 27)

_ |E(max§) —m,(x*),  ifo,(x*) =0and m,(x*) =z* 4.18)
| +o00 otherwise, .

if z* > —o0. The last equality follows from the simple observation that the event {£(x*) = z*} is
almost sure if o, (x*) = 0 and m,, (x*) = z*, and negligible otherwise.

In the case where there exists at least one x € X such that ¢,,(x) = 0, then it is clear that
E(max &) — m,(x) < E(max£é — miné&) for any such x, and thus the expected loss is minimal
for d = (x*, z*) such that x* € argmax,., ()—omv(x) and z* =m, (x*), which yields (4.15). In
the case where o, does not vanish, on the other hand, then (4.18) is always infinite and thus the
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expected loss in minimal for any d = (x*, —00), which yields (4.16). In both cases, we have
proved that H(v) = mingep L, (d).

We will now prove that there is no regular loss function L such that H(v) = mingep L,(d).
To do so, we will show that H cannot be decomposed as H = Ho + H 1, with Ho(v) = fS Lodv
for some L € ﬂveM Ll (S, S, v), and H; a P-continuous functional.

Assume, for the sake of contradiction, that H = Ho + H1, with Ho(v) = fS Lodv for some
Lo € yem L£1(S,S,v), and H; a YP-continuous functional. Then, using the same martin-
gale argument as in the proof of Theorem 3.16, we have H(Pf) iy H(Pfo). Also, again
by a martingale argument, E,(max§&) 25 Eoc(max§), and therefore maxg, (v)=0 m,(x) 25
maXe,, (x)=0 moo(x).

We will now show that this last convergence does not hold for a certain Gaussian process & on
X, which yields a contradiction. For simplicity, we assume in the following that X = [0, 1], but
the same argument could be made on any X C R” that has a non-empty interior.

Consider a Gaussian process £ with mean m(x) = x and covariance k(x, y) = exp(—(x — y)z).
Let (X,) be a deterministic sequence, dense in [0, 1/3]. Then, as follows from the proof of
Proposition 1 in [64], we have o (x) = 0 for all x € [0, 1]. Hence, maxXg, (x)=0 Moo (x) =
maxyeqo,1]§(x). Also, since Xy € [0, 1/3] for all k € N, and since & is a non-degenerate Gaus-
sian process, we have maxg, (x)=0 7, (x) < maxye[o,1/3] M, (x). This upper bound converges to
maxye(o,1/3] & (x) almost surely, and thus max,¢(o,1/3]§ (x) = maxy¢(o,1] & (x) almost surely. This
last equality cannot hold, however, because

1
max E(r) <3 max (E() - x),

x€[0,1/3] x€[0,1/3]

2
> — _
Jnax £z 3+ max (800~ x).

and by symmetry maxye[o,1/3](§(x) — x) and max,¢[2/3,1](§(x) — x) have the same distribu-
tion. O

Since the EI uncertainty functional does not derive from a regular loss function, consistency
cannot be proved using Corollary 3.19 as in the three previous examples. The following result
will thus be proved by a direct application of the more general Theorem 3.12.

Theorem 4.12. For any quasi-SUR sequential design associated with H, as n — 00, almost
surely and in L', H, — 0, maxm, — max & and M, — max§.

Proof. Since the uncertainty functional H derives from a loss function by Proposition 4.11, it is
DoA by Proposition 3.17 and, consequently, has the supermartingale property.
Consider now a quasi-SUR sequential design associated with 7. Theorem 3.12 applies and

therefore Q(Pf ) — 0 almost surely. Observe also that, for all n > 1,

Mypi=_ max_ €00z max(§(Xus), Jmax £()) =max(§(X 1), My).

0 +1(0)=0
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Hence Q(Pf) =sup, x En x (Mpy1 — M,) > sup, x B, (max(0, £(x) — M,,)), and thus
max y (1m, (x) — My, 02(x)) —— 0, (4.19)
xeX n—o00

where y denotes the function defined by y(a, b) = E(max(0, Z, 5)), Zap ~ N(a,b). Recall
from Section 3 in Vazquez and Bect [63] that y is continuous and satisfies

o y(z,5%) >0if s2 >0,
e y(z,5%)>z>0ifz>0.

Recall also from Proposition 2.9 that, almost surely, m;,, — m and 6, = 04 uniformly on X.
Therefore we have

VreX,  y(moo(x) — M, 0k (x)) =0, (4.20)

almost surely, where M, denotes the almost sure limit of the increasing sequence (M,,), with
My < maxé < 4o00. (To see that (M,) is increasing, observe that the set of points x € X
such that o, (x) = 0 is growing with n, since (o,(x)) is decreasing for any x.) Considering
the properties of y, it follows from (4.20) that almost surely, for all x € X, 0 (x) = 0 and
Moo (x) — Moo < 0. Therefore, almost surely, we have £ = my, and My, > maxmeo. Since
it is clear that M, < maxm, for all n, we also have My, < maxmy in the limit, hence
M~ = maxme, = max§ almost surely.

We have proved so far that maxm, — max£ and M, — max& almost surely. Moreover,
E,(max &) is a martingale that converges almost surely and in L! to Ex (max £) = max & (see,
e.g., Theorem 6.23 in [37]), and therefore H, = E,(max&) — M, — 0 almost surely.

We conclude the proof by observing that all three convergence results also hold in the L' sense
by the dominated convergence theorem. (]

Finally, we remark that Proposition 4.12 improves the consistency result of [63], since it does
not impose the no-empty-ball property on the covariance function k. Hence, Proposition 4.12 also
holds with very smooth Gaussian processes, such as Gaussian processes with a Gaussian (a.k.a.
squared exponential) covariance function, or with Gaussian processes whose sample paths have
symmetry properties [28].

Appendix A: Technical results and proofs

A.1. Measurability results

Lemma A.1. Let (E, &) denote a measurable space. Let ¢ : S X E — [0, 400] denote an S Q £-
measurable function. Then the function Ml x E — [0, +o0], (v, ¥) > fS o(f, Yyv(df),is MQE-
measurable.

Proof. The result is clear for any ¢ = 14« p, with A € S and B € £. Indeed, fS o(f,y)v(df) =
w4(v)1p(y), where 4 denotes the evaluation map v — v(A), and the restriction of w4 to M is
M-measurable. It can be extended to any ¢ = 1, with ' € S ® &£, using a standard monotone
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class argument, and then to any S ® £-measurable function by linearity and increasing approxi-
mation by simple functions. U

In the following lemma, the Banach space C(X x X) is endowed with its Borel o -algebra.

Lemma A.2. The mappings me : M — S, vi—> m, and ke : M — C(X x X), v > k, are mea-
surable.

Proof. The mapping m, is measurable if, and only if, v > ¢(m,) is measurable for all ¢ € S’
(see, e.g., [60], Theorem 2.2). Let ¢ € S': there exists a unique signed measure j1, on X such that
o(f)= fX f dug. Itis then easy to check with Fubini’s theorem that ¢ (m,) = [ ¢(f)v(df), and
the conclusion follows from Lemma A.1. The measurability of k, is established in a similar way,
working on X x X instead of X. O

Let ® C S x C(X x X) denote the range of W = (m,, k), and let 7 denote the trace on ® of
the Borel o-algebra of S x C(X x X).

Lemma A.3. WV is a bi-measurable mapping from (M, M) to (©,7T).

Proof. The measurability of W follows from Lemma A.2. Since M is generated by the eval-
uation maps (see Section 2.2), W~ s measurable if, and only if, (m,k) — [GP(m, k)](A)
is measurable for all A € S§. This is easily checked for any finite intersection of the form
A={f €S| f(xx) € Ik}, where (xx) € X" and (I'y) € B(R)". The result extends to the
ball o -algebra Sp using a standard monotone class argument, which concludes the proof since
So =S (see, e.g., [7]). O

Proposition A.4. The expected improvement functional (4.15)—(4.16) is M-measurable.

Proof. Let {x;} denote a countable dense subset of X and set, for all k > 0,
Hi(v) = /S(maxf —min f)v(df) — sqp(mv(x,-) - /Sminfv(df)>lav(xi)<%.
l

The mappings v fsmax fv@f), v fS min fv(df), (v,x) — my,(x) and (v, x) > avz(x)
are measurable by Lemma A.1. As a consequence, for any k > 0, the functional Hj; is M-
measurable. The result follows from the fact that H; — H pointwise as k — oo. (I

A.2. The conditioning operator

Let Z, =(Zy,...,Zy) and X, = (X1, ..., Xp,). For any (m,k) € ©®, x, € X" and z, € R", i
is well known that the condltlonal mean and covariance functions of (& (x)) rex given Z Z =z,
assuming a deterministic design X, = x,, (see Section 2.1), are given by

My (x; X,,2,) = m(x) + k(x, x, ) K (x,) (z, — m(x,)), (A1)
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kn (X, y: x,) = k(x,y) — k(x, x,) K (x,) Tk (x,,. y), (A2)

where K (gn)T denotes the Moore—Penrose pseudo-inverse of K(x,) = (k(x;,x;) +
T(x;)%6;. j)1<i,j<n»> and k(x,,, -) and the other notations should be self-explanatory.

Lemma A.S. i, : (x,,z,, (m, k) = (m,(; x,,2,), ka(; x,))) is a measurable mapping from
X" x R" x © to ©, where © is endowed with the o -algebra T defined in the preceding section.

Proof. First observe that for any x,,, k,(:; x,,) is the covariance function of & —m,(-;x,, Z,),
which is a Gaussian process with continuous sample paths. Thus, (m,(:; x,,,z,), kn(-; x,,)) is
indeed an element of ®. The result then follows from the continuity of (m, x) — m(x), (k, x) >
k(x,-),and (k, x, y) — k(x, y), and the measurability of K KT [54). O

Proof of Proposition 2.6. Let «, : X" x R" x M — M denote the mapping defined by
Kn (X, 20 V) = GP (M (5,0, 2,) 5 kn (5 x,)), (A.3)

where v = GP(m, k) € M. Observe that, using the notations introduced in the previous section,
Kkn (X, 2,, V) = vz, (x> 2,» ¥(v))): thus, it follows from Lemmas A.3 and A.5 that «;, is
measurable. Standard algebraic manipulations then show that

Kn+m (£n+m’ Zntm> V) = Km (£n+1:n+m’ Zntlingm> Kn (ln’ Zn v))’

whence it is easy to prove recursively that Pf, = kn(X,. Z,, P%) satisfies the property
E(UPi (I")) = E(Ulger) for any sequential design (X;), any JF,-measurable U of the form
U=T]"_,¢i(Z)and any ' € S of the form ' = ﬂ;zl{é(ij) el;}, withx; e X, T'; € BR),
1 < j < J. The result extends to any J,-measurable U and any I" € S thanks to a monotone
class argument, which proves that Pf, is a conditional distribution of & given ;. Proposition 2.6
is thus established with Condy, 7 ,....x,.z, : V F> Kn (X, 2, V)- O

Proposition A.6. The mapping (x,v) — J;(v) is B(X) ® M-measurable.

Proof. Observe that 7, (v) can be rewritten as
Te(v) = /RH(Kl (x,my (x) + sy (x), v)) @ (v) dv, (A.4)

where sf = ky(x,x) + t2(x) and «; is defined as in the proof of Proposition 2.6. Using
Lemma A.3 and the measurability of «j, the integrand in the right-hand side of (A.4) is eas-
ily seen to be a B(X) ® M ® B(R)-measurable function of (x, v, v). The result follows from
Fubini’s theorem. |

Remark A.7. As a consequence of Proposition A.6, J,, : x — jx(Pi) is an J,-measurable pro-
cess for all n, and thus J,(X) is a well-defined J;,-measurable random variable for any ;-
measurable X-valued random variable X.
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A.3. Convergence in M

Proof of Proposition 2.9. Recall from Proposition 2.6 that the conditional distribution of &
given JF,, is of the form P = GP(my, k,). Moreover, & is a Bochner-integrable S-valued random
element: indeed, it is measurable (see, e.g., [60]) and ||£||~ is integrable (see, e.g., Theorem 2.9
in [2]). The conditional expectation E(§ | F,,) of & given F;, is thus well defined as an S-valued
random element (since S = C(X) is a separable Banach space; see, e.g., Theorem 5.1.12 in [59])
and is easily seen to coincide with m,,. As a consequence, it follows from Theorem 6.1.12 in [59]
that m,, converges uniformly, almost surely and in LY (Q, F,P), to mso := E(£ | Fuo). The limit
Moo 18, by definition of the conditional expectation, an F,-measurable random element in S.
Let us now prove that the sequence k, converges uniformly to a continuous function keo.
Since Pi = Condy, . 7,....X,.Z, (Pé) by Proposition 2.6, and since the sequence of conditional
covariance functions depends only on the design points X; (not on the observed values Z;), we
can reduce without loss of generality to the case of a deterministic design (X; = x; € R, for all
i € N) and consider the associated deterministic sequence (k). Let u = Zi’;] wids, denote any
finitely supported measure on X, and let a,%(,u) = le j=1 Ml jkn(X;, Xj) denote the conditional

variance of Z = Zz]):l wi&(x;) given F,,. Because Z and the observations are jointly Gaussian,
the sequence (0”2(“)),121 is decreasing and therefore converges to a limit ogo (), for all w. Thus,

_l 2 _ 2 _ l 2 _ 2 _
kn(x,y) = 4(Un (8x +5y) o, (6x (Sy)) m 4((700(8)( + 8y) Uoo((sx (Sy))»

which proves convergence to a limit ko, (x, y). Moreover, we have for any x, y,x’, y’ € X:

|kn(xv y) —kn ()C/, y/)| < 0n(8x)on(By — 8y) + 0n(8y)0n(8x — 3y) (A.5)
<00(8x)op(8y — 8y’) + 00(5)/’)0'0(8/\7 — 8y). (A.6)

Letting n go to +o0 in the left-hand side, we conclude that k, is continuous. To see that the
convergence k, — koo is uniform, consider the sequence of functions X2 > R, x,y)—~ 0’3 (8 +
dy). This is a decreasing sequence of continuous functions, which converges pointwise to the
continuous function (x, y) > 0020 (8x +8y). Since X2 is compact, the convergence is uniform by
Dini’s first theorem. The same argument applies to (x, y) + anz (8x — &y) and therefore to k, by
polarization.

Finally, let Q denote any conditional distribution of & given Fo,. We will prove that the Foo-
measurable random measure Q is almost surely a Gaussian measure. Let x € X and let ¢, denote
the (random) characteristic function of Q o 8;1. It follows from Theorem 6.23 in Kallenberg [37]

that, for all u € R, ¢y () = Boo (¢'*6@)) = lim,,_, o0 E,, (6 ™)). Since

E, (eiué(x)) — eium,,(x)efékn(x,x)uz a.s. eiumoo(x)e*%koo()c,x)u2
n—o00

)

we conclude from the continuity of ¢, and Levy’s theorem that Q o 8;1 =N (Moo (%), koo (x, X))
almost surely. The argument extends to any image measure of the form Q o h~!, with i =
(8y;».-.,dy,). Considering first the case where the y;’s are taken in a countable dense subset



2914 J. Bect, F. Bachoc and D. Ginsbourger

of X and then using the continuity of the elements of S, we conclude that there is an almost sure
event g € Fo such that, for w € Qp, (§x)xex 18 a Gaussian process defined on the probability
space (S, S, Q(w, +)), and thus Q(w, -) is a Gaussian measure for all w € €¢. Finally, letting

§ Ow,-) if w € Qo,
POO (ws ) = .
GP(0,0) otherwise,

we have constructed an F,-measurable random element in M such that Pﬁ — Pio a.s. for the
topology introduced in Definition 2.7, thereby concluding the proof. (|

Proof of Proposition 2.10. Let v =GP(m, k) € M and let (x;,z;) = (Xo0, Zoo) in X x R. For
any j € NU {+o0o}, we have Condy, ;;(v) = GP(m1(:;xj,2;), k1(-; xj), where m1 and k; are
given by (A.1)—(A.2). It is then easy to check that m;(-; x;, z;) and k (; x;) converge uniformly
to m1(+; Xoos Zoo) and k1 (+; Xx), respectively, using the facts that & is uniformly continuous over
X x X (since k is continuous and X x X is a compact metric space) and that K — KT, where
K denotes the Moore-Penrose pseudo-inverse of K, is continuous at K =k, (x, x) + 2(x) > 0
(the covariance matrix is actually a scalar in this case). O

A.4. Existence of SUR and quasi-SUR sequential designs

This section contains general existence results for e-quasi-SUR sequential designs. Recall that X
is assumed, throughout the paper, to be a compact metric space (see Standing Assumptions 2.2).

Theorem A.8. Let the assumptions of Theorem 3.16 hold. Then,

(a) for any sequential design, the sample paths of J,, are continuous on {x € X : s,%(x) > 0};
(b) for any sequence € = (&) of strictly positive real numbers, there exists an e-quasi-SUR
sequential design (X,),>1 associated with H.

Proof. We will assume without loss of generality that Ho = 0, since o only adds a constant
term (i.e., a term that does not depend on x) to the value of the sampling criterion.

Let us first prove Assertion (a). Since J,(x) = J; (Pi), it is equivalent to prove that the
result holds at n = 0 for any Pg € M. Assume then that n = 0, fix x € X such that that
sg(x) = k(x,x) 4+ t2(x) > 0, and let (x;) denote a sequence in X such x; — x. Recall from
(3.1) that Jo(x) = Jx(P§) = E(H(Cond,, 7, vy (P}))). Set vy = Condy, 7, (o) (P) and veo =
Condy, 7, (x) (Pf)). We have vy € P(&) for all n € NU {400}, and vy — v by Proposition 2.10.
It follows that H(vg) 25 H(vso) since H is *B-continuous, and thus Jy, (Pf)) =EH(wy)) —

EH(vs)) = jx(Pg) since (H(vg)) is uniformly integrable. Assertion (a) is proved.
Consider now the following compact subsets of X:

By, (w) = {x eX|sy(w,x)> y_l > O}, (A.7)
Apy (@) =By (w) N {x eX| Ju(w,x) <infJ,(w,x) + sn}. (A.8)
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Let us prove that, on the event {s, # 0}, the set A, , (w) is non-empty for large values of y.
Assume that s, (w, ) # 0, and recall that J,(w, ) < H,(w) by (3.4). If J,(w,-) = H,, then
for any x such that s, (w, x) > 0 and any y > s,(w,x)”" we have x € Apy (@) =By (). If
infy J,, (0, x) < Hy, pick a sequence (xx) such that J,, (w, x;) — inf, J,(w, x). For some k large
enough, J,(w, xx) < inf, J,(w, x) + &, and J,(w, xx) < H,. As a consequence, s, (w, x;) > 0
(this follows from (3.3) and the fact that Condy , (x) (V) = v if 55 (x) =0) and thus x; € A, ()
for any y > s, (w, xx)~ L. In both cases the claim is proved.

Since X is a compact metric space, it is easily proved that w — A, , (@) is an F;,-measurable
random closed set, and thus admits (see, e.g., [44], Theorem 2.13) an F,,-measurable selection

X r(l)jr)l, i.e., an X-valued random variable such that X ,(l)jr)l € A, , ontheevent {A, , # @}. Let X
denote an arbitrary fixed point in X. Setting
X if s, =0,
Xnr1=1 L0 o (A.9)
Xt ifA,x #Dand A, =3,V <k,
provides the desired e-quasi-SUR strategy and thus completes the proof. (]

In some situations, it is possible to prove directly the continuity of the sampling criteria J,, on
the whole of X (see Section 4.4 for an example), in which case a stronger existence result can be
formulated as in [63], that does not even require the supermartingale property:

Theorem A.9. Let H denote a measurable uncertainty functional on M, such that, for all v € M,
x = Jy (v) is finite and continuous on X. Then,
(a) for any sequential design, the sample paths of J,, are continuous on X

(b) there exists a SUR sequential design (X,)n>1 associated with H.

Proof. Assertion (a) follows trivially from the fact that J, (x) = J, (Pfl), and a SUR sequential
design is again obtained using the measurable selection theorem for random closed sets. (]

A.5. Miscellaneous

Lemma A.10. Let U, V and W be real-valued random variables such that

1. W is independent of (U, V),
2. V.and W are Gaussian.

If U is orthogonal to L*(V + W), then U is orthogonal to L*(V).
Remark A.11. The reverse implication is also true, but not needed in the paper.
Proof. Assume without loss of generality that U, V and W are centered. Assume further that U

is not orthogonal to L2(V). Then, there exists a smallest integer kg such that cov(U, Vkoy £ 0.
Indeed, we would have otherwise cov(U, H;(V)) = 0 for all k, where H; denotes the kth Hermite
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polynomial, and thus U would be orthogonal to L2(V) since (Hx(V))xen is an orthonormal basis
of L2(V). Using that cov(U, Vky =0 for all k < kg, we have:

ko
cov(U, (V +W)o)=>" (?)E(UV’C)E(W'C_"O) =E(U V) #£0. (A.10)
k=0

Therefore U is not orthogonal to L2(V + W), which concludes the proof by contraposition. [
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