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We study the problem of estimating the mode and maximum of an unknown regression function in the
presence of noise. We adopt the Bayesian approach by using tensor-product B-splines and endowing the
coefficients with Gaussian priors. In the usual fixed-in-advanced sampling plan, we establish posterior con-
traction rates for mode and maximum and show that they coincide with the minimax rates for this problem.
To quantify estimation uncertainty, we construct credible sets for these two quantities that have high cov-
erage probabilities with optimal sizes. If one is allowed to collect data sequentially, we further propose a
Bayesian two-stage estimation procedure, where a second stage posterior is built based on samples collected
within a credible set constructed from a first stage posterior. Under appropriate conditions on the radius of
this credible set, we can accelerate optimal contraction rates from the fixed-in-advanced setting to the min-
imax sequential rates. A simulation experiment shows that our Bayesian two-stage procedure outperforms
single-stage procedure and also slightly improves upon a non-Bayesian two-stage procedure.

Keywords: anisotropic Holder space; credible set; maximum value; mode; nonparametric regression;
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1. Introduction

Consider noisy measurements Yq,...,Y, of an unknown smooth function f at locations
X1,..., X, €0, 1] given by the nonparametric regression model

Yi = f(Xi) + i, i=1,....n, (1.1)

where the regression errors €1, ..., &, are modeled as independent and identically distributed
(i.i.d.) N(0, 02) with unknown standard deviation 0 < o < co. The covariates can be determinis-
tic or can be drawn as i.i.d. samples from some fixed distribution independently of the regression
erTors.

In this paper, we consider the problem of estimating the mode g which marks the location
of the maximum of f, and the value of this maximum M = f(u) = sup{f(x) : x € [0, 114},
assuming that g is unique. The problem can be thought of as optimization in the presence of
noise and has wide range of applications. For instance, searching for the optimal factor con-
figurations in response surface methodology, locating peaks in bacteria (Silverman [26]) and
human (Miiller [20]) growth curves, or to classify and compare curves arising from longitudinal
endocrinological data (Jgrgensen et al. [14]).
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The problem of estimating the mode and maximum of an isotropic regression function is
well studied in the frequentist literature. Miiller [20,21] and Shoung and Zhang [25] provided
convergence rates for univariate regression, with the multivariate case obtained by Facer and
Miiller [10]. Furthermore, Hasminskii [13] and Tsybakov [29] showed that for isotropic Holder
regression function of order « that is also a-continuously differentiable, the minimax rates for es-
timating u is n~©@~D/Qa+d and for M is n=*/?¢+4) under the usual sampling plan of choosing
samples that are fixed in advance.

However if one is allowed to choose samples based on information gathered from past sam-
ples, the structure of the problem changes and we are in the sequential design setting. In this case,
the minimax sequential rates of estimating g and M are respectively n~(©@~1D/C% and n=1/2 (see
Chen [5], Polyak and Tsybakov [22], Mokkadem and Pelletier [19]). When compared with the
fixed design case, it is clear that sequential rates are uniformly better and in fact M has success-
fully achieved the parametric rate. Moreover, it also shows that judicious use of past information
to guide future actions removes the effect of dimension d on the rates. On the more practical side,
Kiefer and Wolfowitz [15] and Blum [2] used Robbins—Monro type procedures that is consistent;
while Fabian [9], Dippon [8] and Mokkadem and Pelletier [19] each constructed sequential pro-
cedures that actually attain the minimax rates.

In actual practice, fully sequential design is costly to implement, because sample collection
time is longer and the required logistics in collecting data in many stages is much more com-
plicated than single-stage procedures. This then gave rise to the idea of a two-stage procedure,
which offers a compromise between the added cost of doing a follow-up experiment and the
added accuracy gained from it. At the first stage, limited samples are taken to give a pilot esti-
mate of some quantity (e.g., mode), and the second stage samples are collected in the vicinity of
this preliminary estimate. It was then shown in Lan et al. [18], Tang et al. [28] and Belitser et
al. [1] that an extra second stage is enough to accelerate the convergence rates and in some cases
propel them to attain the minimax sequential rates.

To the best of our knowledge however, there are hardly any such results and procedures in the
Bayesian literature, whether it is in the fixed design, sequential or two-stage cases. Therefore, it is
hoped that this paper will fill in this gap by giving a Bayesian solution to this problem. As we shall
see, there are advantages in using the Bayesian approach, as it provides a natural framework to do
two-stage estimation, and it can outperform frequentist procedures by exploiting the shrinkage
property of Bayesian estimators.

In the first part of this article, we consider the fixed-in-advance sampling plan and establish sin-
gle stage posterior contraction rates for u and M. Our prior consists of tensor product B-splines
with Gaussian distributed coefficients, and we endow the error variance with some positive and
continuous prior density. We chose this prior because it enables us to derive sharp results by
directly analyzing the posterior distribution, and B-splines are efficient to compute. The main
challenge here is the non-linear and non-smooth nature of the argmax and max functionals of f,
and we avoid dealing with them directly by relating the estimation errors of u and M with the
sup-norm errors for f and its first order partial derivatives. To quantify uncertainty in the estima-
tion procedure, we construct credible sets for p and M, and show that they have high asymptotic
coverage with optimal sizes.

Sequential sampling or more specifically a two-stage procedure can naturally be embedded
inside a Bayesian framework, as information gained from an earlier stage can be used to adjust
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or update one’s prior opinion. In the second part of this paper, we propose a Bayesian two-stage
procedure for estimating the mode and maximum of f. We split the samples into two parts, and
use the first part to compute the first stage posterior distribution of x and M. Using this posterior,
we construct a credible set based on the techniques discussed in the first part of the paper. Second
stage samples are then sampled uniformly over this set, and they are used to compute the second
stage posterior of these two quantities.

We show that this second stage posterior is more concentrated around the truth than its single
stage counterpart, and it can accelerate single stage minimax rates to the optimal sequential
rates, under appropriate conditions on the radius of the credible set used. We test our procedure
in a numerical experiment and the results seem to support our theoretical conclusions. Moreover
when compared with a non-Bayesian method proposed in the literature, our Bayesian two-stage
procedure seems to outperform slightly in terms of the root mean square error, and this is due to
the shrinkage induced by our choice of prior distributions (see Figure 3 below).

Throughout this paper, we will work with a general class of anisotropic Holder space, such
that we allow f to have different order of smoothness in each dimension. In some of our results
below, it will be seen that additional smoothness in other dimensions can help alleviate the loss
in accuracy due to less smoothness in some dimensions, and this borrowing of smoothness across
dimensions, which is a unique feature of anisotropic spaces, can result in the improvement of the
overall rate.

The paper is organized as follows. The next section introduces notations and assumptions.
Section 3 describes the prior and the resulting posterior distributions of  and M. Section 4
contains main results in the single stage setting on posterior contraction rates and coverage prob-
ability of credible sets for these two quantities. We introduce the Bayesian two-stage procedure
of estimating u and M in Section 5. Section 6 contains simulation studies for our proposed
Bayesian two-stage method. This is then followed by a summary and discussion on future out-
look in Section 7. Proofs of our main results are given in Section 8 and some useful auxiliary
results are collected in the Appendix. We delegate some rather routine and technical proofs to a
supplementary article Yoo and Ghosal [34] to streamline reading.

2. Notations and assumptions

Given two numerical sequences a, and by, a, = O(by) or a, < b, means a, /b, is bounded,
while a, = o(b,) or a, < b, means a, /b, — 0. Also, a, < b, means a, = O(b,) and b, =
O(ay). For stochastic sequence Z,,, Z,, = Op(a,) means P(|Z,| < Ca,) — 1 for some constant
C > 0; while Z,, = op(a,) means Z,/a, — 0 in P-probability.

Let [x], = (Zzzl Xk PP 1% oo = maxj<k<d |Xk| and ||x|| = [|x]|2. Inequality for a vector
stands for co-ordinatewise inequality. For a symmetric matrix A, let Apax (A) and Apin (A) stand
for its largest and smallest eigenvalues, and || Al (2,2) = |Amax(A)[. Given another matrix B of the
same size, A < B means B — A is nonnegative definite. The L ,-norm of a function f is denoted
by 11 £11,-

We say Z ~ Ny (&, ) if Z has a J-dimensional normal distribution with mean £ and covari-
ance matrix . By saying that Z ~ GP(&, 2), we mean that {Z(¢),t € U} is a Gaussian process
with EZ (1) = &(¢) and Cov(Z(s), Z(t)) = (s, t) forany s, € U.
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Multi-indexes will be frequently used. Let N = {1, 2, ...} be the natural numbers and NQ =
NU({0). Fori = (i1,...,ia)" € N§ and x € RY, define |i| = S i iV =TI¢_, i and x* =
]_[Z:1 x,’(". Forr = (ry,....rg)T € Ng, let D" = 8"‘/8)(;1 ~-~8x2”’ be the mixed partial deriva-
tive operator. If r = 0, we interpret Dof = f.If r = e;, where ¢, = (0,...,0,1,0,. ..,O)T
with 1 in the kth position and zero elsewhere, we write D¢ as Dy. We denote V f(x) =
(D1f(x),..., Ddf(x))T to be the gradient of f at x. If f is twice differentiable, H f (x()
stands for the Hessian matrix of f at xy.

For a = (a1, ...,ag)T € N9, let us denote o* to be the harmonic mean, that is, (¢*)~! =
d—! Zzzl ak_l. We define the anisotropic Holder’s norm || f||¢, 00 as

d

d
max{ [ D" f |+ Y|P %D £l o r eNG Y (rfan) < 1}. @.1)

k=1 k=1

The constraint Zzzl (rk/ax) < 11s atechnical condition and is imposed so that contraction rates
for f and its derivatives will decrease to 0 as n — oco.

Definition 2.1. The anisotropic Holder space of order o = (¢, ..., ag)T € N, denoted as
H*([0, 119), consists of functions f : [0, 1]¢ — R such that | flle,00 < 00, and for some constant
C > 0 with any x, x¢ € (0, 1)¢,

d
D" f(x) = D" Ty f ()] < C ) xp — xor|“ "%, 22)
k=1

where r € Ng and Zle(rk/ak) <1l.Here Ty, f(x) =) D' f(x0)(x —x0)!/i!is the tensor
Taylor polynomial of order my := (o1 — 1,00 — 1, ..., 04 — DT by expanding f around xg.

i<mgy

To study the frequentist properties of the posterior distribution, we assume the existence of a
true regression function fj such that it satisfies the following three assumptions. In what follows,
let B(x,r)={y:|ly — x| <r}bea £,-ball of radius r centered at x.

1. Under the true distribution Py, Y; = fo(X;) + ¢&;, such that ¢; are i.i.d. Gaussian with mean
0 and variance 002 >0fori=1,...,n.

2. fo € H([O, l]d) foray >2,k=1,...,d, and attains its maximum My at a unique point
o in (0, 1)? which is well-separated: for any constant 7; > 0, there exists 8 > 0 such that
folro) = fo(x) + 8 for all x ¢ Bpo, 71).

3. For any 0 < 7 < 11, there exists Ag > 0 such that Ap.{H fo(x)} < —Ag for all x €
B("L()v 7).

Assumption 1 states the true regression model for (1.1). The well-separation property of As-
sumption 2 ensures that only points x that are near u will give values f(x) that are close to the
true maximum M. This property is needed to establish posterior consistency for u as we shall
see in Theorem 4.1 below. Assumption 3 says that the Hessian of fj is locally negative definite
around p. Observe that Assumptions 2 and 3 imply V fo(uy) = 0 and the Hessian H fy(pg) is
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symmetric and negative definite. Moreover, H fy(x) is continuous in x. If oy = 2, then we need
to make an extra assumption that the second partial derivatives of fj are continuous; if not, the
Hessian may not be symmetric and its eigenvalues may not be real.

For x; € [0, 1], let Bj, 4, (xx) be the kth component B-spline of fixed order g; > oy, with
knots 0 = tx0 < g1 < -+ < tg,N, < tk,N = 1, such that Jp = g + Ni. Assume that the set
of knots in each direction is quasi-uniform, that is, maxj<;<n, (tx,; — #x,/—1) < minj<;<p, (%1 —
t,1—1). Examples include uniform and nested uniform partitions (cf. Examples 6.6 and 6.7 of
Schumaker [23]), and we can always choose a subset of knots from any given knot sequence to
form a quasi-uniform sequence (cf. Lemma 6.17 of Schumaker [23]).

For fixed design points X; = (X;1, ..., X;q)T withi =1, ..., n, assume that there is a cumu-
lative distribution function G, with positive and continuous density g on [0, 1]¢ such that

d
sup [Gn(x) = Gx)| =0 [[N¢ (2.3)
xe[0,1]4 k=1
where G, (x) =n~! Z?:l 1yx;e[0,x]) 1s the empirical distribution of {X;,i =1, ...,n}, with 1y
the indicator function on U. The condition holds for the discrete uniform design with G the
uniform distribution when Ny < n® M@ +d)} for | — 1,...,d. If X; By "G with a continuous
density on [0, 1], then (2.3) holds with probability tending to one if Ny < n® /{exCe™+d)} for f —
1,...,d, and a* > d/2 by Donsker’s theorem. In this paper, we shall prove results on posterior

contraction rates and credible sets based on fixed design points. These results will translate to the
random case by conditioning on the predictor variables.

3. B-splines tensor product, Gaussian prior and posterior

In the model Y; = f(x;) + ¢, i = 1,...,n, we put a finite random series prior on f
based on tensor-product B-splines, that is, f(x) = Z/].]‘ZI . ZJJ;’ 1 o Hk | Bl (xx) ==

by (x)70, where by 4(x) = {T10_, B k) 1 1 < Jji < S,k = 1,...,d} is a collection of
J = szl Ji tensor-product B-splines, and 8 = {0, .., : 1 < jix < Ji,k=1,...,d} are the
basis coefficients. Note that b ,(x) and @ are vectors indexed by d-dimensional indices and the
entries are ordered lexicographically. Then by repeatedly applying equations (15) and (16) of
Chapter X from de Boor [7] to each direction k =1, ...,d, the r = (r1, ..., rq)" mixed partial
derivative of f is given by

Ji Ju d 97k
@)= Y O] 5o Bica (0 =By g—r ()" W0, 3.1
A=l ja=1 k=1 """k

where W, is a Hle(]k —ry) X ]_[Z:1 Jr matrix whose entries consist of coefficients as-
sociated with applying the finite difference operator iteratively on 6 (for exact expressions,
see (8.1)—(8.4) of Yoo and Ghosal [33]). We represent the model in (1.1) by an n-variate
normal distribution Y|(X,8,0) ~ N,(B6,5%I,), where B = (by (X7, ....by (X,)!)T
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is the B-splines basis matrix. Note that we can index the rows and columns of BT B by

multi-dimensional indices, such that for u = (uy,...,us)! and v = (vq,...,vg)T, we write
d
(BTB)u,v = Z?:] nk=1 Buk,qk (Xik)ka,qk (Xik)~
We consider deterministic J = (Jy, ..., Jd)T number of basis functions depending on n, d

and «. On the basis coefficients, we endow the prior 0lo2 ~ Ny (y, o2€). We choose the prior
mean such that ||9|lcc < 00 and the J x J prior covariance matrix c1l; < @ < cp1; for
some constants 0 < ¢ < ¢3 < oo. We will use the same multi-dimensional indexing conven-
tion of BT B on R, and further assume that Qlish= (hy,..., hd)T-banded, in the sense that
(7 Yyp =0if [ug —vg| > hy forsome k=1, ....d.

By direct calculations, D" f|(Y,o0) ~ GP(A,Y + ¢,7, 623%,), where A,, ¢, and the covari-
ance kernel are defined for x, y € (0, 1)d by

Ar(x¥)=byqrx) W, (B"B+2 ") 'BT, (3.2)
(@) =by,rx) W, (B'B+7") '@, (3.3)
) =bygr @ W (BTB+27) Wby, (). (3.4)

For o, we either take an empirical Bayes approach by maximizing the marginal likelihood ob-
tained from Y|o ~ N,[B7y, UZ(BSZBT + I,)], or use a hierarchical Bayes approach. In the
former approach, the empirical Bayes estimate given by 52 = (¥ — By)" (BRBT +1,)~! x
(Y — By)/n is plugged into the expression of the conditional posterior process D" f|(Y,0);
while in the latter approach, we further endow o with a continuous and positive prior density.
For example, we can use a conjugate inverse-gamma (IG) prior o> ~ IG(B1/2, B2/2), where
B1 >4 and B, > 0 are hyper-parameters, to get o2|Y ~ IG[(81 + n)/2, (82 + n'&,lz)/Z]. The
posterior for the function f itself can be recovered as a special case r = 0 by setting Wy = I.

Remark 3.1. Finite random series based priors have been found to be very convenient to use in
Bayesian nonparametrics because their theoretical and computational aspects can be dealt with
very simply within the framework of Euclidean spaces. Even though they have simpler structure,
they can achieve contraction rates on par with Gaussian process priors. Detailed discussions are
given in Shen and Ghosal [24] and the book Ghosal and van der Vaart [12]. More specifically, we
used tensor-product B-splines with Gaussian coefficients because it enables us to lower bound
the variation of the posterior around its center which is essential to get results on coverage of
credible sets (to be discussed in Section 4.2). The structure of the (Gaussian) prior is also helpful
for bounding contraction rates and computing the posterior, and this allows us to obtain sharp
rates and stronger statements regarding coverage probabilities (e.g. without additional logarith-
mic factors in the radius), whether it is in the single or two-stage settings. Moreover, B-splines
are compactly supported and we have fast recursive algorithm to compute them (see Section 5
of Schumaker [23]). We shall further discuss issues on adaptation in Section 7 where « is not
assumed to be known.

We need to ensure that the priors discussed above for f will yield a well-defined maximum
point at every realization from its posterior. The following lemma assures this property.
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Lemma 3.2. If f is given the tensor-product B-splines with normal coefficients prior, then Q is
unique for almost all sample paths of f under the posterior distribution (empirical or hierarchi-
cal Bayes).

In this paper, we simply use I1(-|Y) to denote either the empirical or hierarchical posteriors,
we do not distinguish between these two cases since both approaches yield the same rates.

4. Main results for single stage setting

4.1. Posterior contraction rates

The posterior distributions of p and M can be induced from the posterior of f through
the argmax and maximum operators. However since these operators are nonlinear and non-
differentiable, we take an indirect approach by relating the estimation errors of x and M to
the sup-norm errors in estimating f and its mixed partial derivatives. By this strategy, results for
posterior contraction rates in the supremum norm can be used to induce the corresponding rates
for g and M as the following theorem shows.

Theorem 4.1. Let J; < (n/log n)“*/{“k(2“*+d)}, k=1,...,d and assume that Assumptions 1, 2
and 3 hold. Consider the empirical Bayes approach by plugging-in &, for o, or the hierarchical
Bayes approach by equipping o with some continuous and positive prior density, then

vd

Ilr — poll < — max || Dif — Dk folloo, 4.1
Ao l<k=d

M — Mol =< [If — folloo- (4.2)

Therefore for any m, — oo and uniformly in || folla.co < R, R > 0,

Eol (|l — poll > mp(logn/m)® 1= (inizkza ™/ Qa™+d) | y) _, g, (4.3)

EoI1(|M — Mo| > m,(logn/n)*/ ¥+ | y) — 0. (4.4)

Clearly, a consequence of the result above is that the posterior mean E(u|Y) converges to
It in £2-norm at the same rate given in (4.3), and the same can be said for E(M|Y). Given
the absence of minimax results on anisotropic mode estimation (to the best of our knowledge),
it is instructive to ask whether the inequalities used above are sharp and the contraction rates
obtained are optimal? The following lower bound corollary shows that these results are sharp up
to logarithmic factors.

Corollary 4.2 (Lower bounds). In addition to Assumptions 1,2 and 3, let us now make an extra
assumption that for any 0 < t < 11, we have

inf  dnin{ H fo(0)} > =1 (4.5)

x:lx—poll<t
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for some constants t1, A1 > 0. Then for some small enough constant h > 0, we have
EOH(HM — ol = e (1= (ming i <q 00) ™1}/ Qo +d) | Y) -1,

EoTI(|M — Mo| = hn=@"/C*"+d) 1 y) 1,

For the isotropic smooth case o] = -+ = ag = «, the norm in (2.1) can be generalized (see
Section 2.7.1 of van der Vaart and Wellner [32]) and the B-splines approximation error rate is
obtained for all smoothness levels (Theorem 22 of Chapter XII in de Boor [7]). This allows
generalization of these and subsequent results in this paper for arbitrary smoothness levels. The
contraction rates thus obtained, when reduced to the isotropic case, are the minimax rates for this
problem up to some logarithmic factor (see Hasminskii [13] and Tsybakov [29] as discussed in
the Introduction). In Section 5 below, we will describe another Bayesian procedure that is able
to remove this logarithmic factor and accelerate these rates to the optimal sequential rates.

Remark 4.3. In the rates above, clearly the direction which has the least smoothness is the
most influential factor in determining the contraction rate for g because of the presence of the
second factor in the numerator of the exponent. This is unlike the contraction rate for f, which
is known to be (logn/ n)“*/ Qo*+d) (Theorem 4.4 of Yoo and Ghosal [33]), as it depends only
on the harmonic mean «* of smoothness. The reason is evident from (4.1) in that the largest of
the deviations of the function’s derivative across all directions bounds the accuracy of estimating
. Nevertheless, it is easily checked that the rate obtained above is better than that obtained by
applying the above result on a function of isotropic smoothness minj<x<4 k. In other words,
additional smoothness in other directions can help to alleviate the comparative loss of accuracy
for dimensions which are less smooth, and this borrowing of smoothness across directions, which
is a unique feature to anisotropic spaces, results in the improvement of the overall rate.

4.2. Credible regions for mode and maximum

Let us now quantify uncertainty by constructing credible regions for u and M. In what follows,
we require that these sets have credibility at least some given level 1 — y, and they have optimal
sizes with asymptotic coverage probability also at least 1 — y.

We first construct credible sets in the form of supremum-norm balls in the space of regression
functions, and then we map these regions back using the argmax and max functionals into Eu-
clidean spaces, so that they are credible sets for u and M. Now, the natural Bayesian approach to
this problem is to directly construct these sets from the posterior distributions of u and M. The
main reason for favoring the proposed method is that it allows tighter control over the size of
the induced credible regions in view of (4.1) and (4.2). Such a control is essential for frequentist
coverage, and enables us to use them later in the Bayesian two-stage procedure in Section 5.

We make a remark before we present the main result of this section. It is well known that
in nonparametric models, a credible region may have frequentist coverage asymptotically less
than the corresponding credibility level. The asymptotic coverage may even be arbitrarily close
to zero, because the order of bias of the center of a credible set may be comparable with its
variation around the truth under optimal smoothing; see Cox [6], Freedman [11] and Knapik et
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al. [17]. This is in sharp contrast with finite dimensional models where Bayesian and frequen-
tist quantification of uncertainty agree because of the Bernstein-von Mises theorem. Knapik et
al. [17] showed that this low coverage problem can be addressed by undersmoothing. Castillo
and Nickl [3,4] circumvented this problem by using weaker norms to construct credible sets. Sz-
abd et al. [27] and Yoo and Ghosal [33] addressed this same problem by appropriately inflating
the size of credible regions to ensure coverage. In our own construction, we shall use the latter
approach by introducing a constant p > 0 in the radius and choose it large enough so that we will
have asymptotic coverage.

Below by posterior distribution we refer to either the empirical Bayes posterior distribution
by substituting &, for o, or the hierarchical Bayes posterior distribution obtained by putting a
further prior on o. Denote the posterior mean of f by f, and let &t be the mode of fand M its
maximum value. For e = (0,...,0,1,0,...,0) with 1 at entry k and the rest zero, we abbreviate
A, by Ay, ¢, by ¢; and X, as X respectively, for any k =1, ..., d, where these quantities
were defined in (3.2)—(3.4).

Remark 4.4. Note that ji is well-defined under Py. Indeed since the posterior mean is an affine
transformation of Y, it follows from Assumption 1 that fis a Gaussian process under Py. There-
fore using the same argument as in the proof of Lemma 3.2, we see that f~ has unique maximum
1 for every realization.

For some 0 < y < 1/2, consider {f : [|Dx f — AxY — cxlloo < PRy k,y} as a credible band
for f, where p > 0 is a sufficiently large constant and R,y , is the (1 — y)-quantile of the
posterior distribution of || Dy f — ArY — cx1llco. Similarly, let Ry, o, be the (1 — y)-quantile
of the posterior distribution of || f — A¢Y — conlleo. We proceed by using these sets to induce
credible regions for u and M through the argmax and maximum functionals, and they are given

by

d

Cou= [ V{m:IDLf = ALY = cxnlloo < PRuky ). (4.6)
k=1

Cu = {M:IIf = AoY = conlloo < pRu0.y ). @.7)

The following result establishes properties of these regions.

Theorem 4.5. If J; < (n/logn)“‘*/{“k(z"‘“rd)}, k=1,...,d, then we have uniformly in
| folle.oo < R for any R > 0:

(i) the credibility of C, tends to 1 in Py-probability and its coverage approaches 1 asymp-
toticagy,
(i) Cu CCpi={m:llp—Rlloo < p«/ﬁkal maxi<k<d Rn.k,y} with Py-probability going to 1,
(iii) Qu == oo < (Rd)_lpmaxlfkid Ry k,y} C Cy with Py-probability tending
to 1,
(iv) the credibility of Cy tends to 1 in Py-probability and its coverage approaches 1 asymp-
totically,
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(V) Cot C{M :|M — M| < pRup.y).

Assertions (ii) and (iii) say that the induced credible set C,, can be sandwiched between two
hypercubes, and its size is not too small when compared with the upper bound in (ii). Thus,
its radius is of the order maxj<x<q Ry k,y < Maxi<k<d (logn/n)“*(l_“k_l)/(2“*+d) by the second
statement of Theorem A.6 in the Appendix (with r = ey ); while (v) and the same aforementioned
statement (with r = 0) imply that the radius of Cy; is of the order (logn/ n)“*/ Qo*+d) Note that
these radius lengths coincide exactly with the contraction rates of Theorem 4.1.

The result above concludes that the induced credible regions for u and M, that is, C,, and Cy
respectively, have adequate frequentist coverage that are of (nearly) optimal sizes. Assertion (ii)
also implies that the hypercube E,L centered at i has at least (1 — y)-credibility and is a confi-
dence set of nearly optimal size. Thus a credible set with guaranteed frequentist coverage can be
chosen to be a simple set like a hypercube centered at the posterior mean. In practice, it is easier
to construct such a hypercube than the set Cy, because the latter set requires performing function
maximization multiple times to obtain points in Cy.

The construction of E,L from the data is simple: one finds b such that the credibility of {u :
lm — Rlloo < b} is 1 — y, and then inflates this around ;& by a large constant factor p > 0.
For this set to serve as the domain for second stage sampling in a two-stage procedure, some
modifications are needed, in that we adjust the length of E,L in each direction so that it adapts
to different smoothness. In other words, we embed E,L inside a hyper-rectangle and do uniform
sampling inside this larger set. Clearly, keeping the constant inflation factor as small as possible
makes the credible sets smaller, but it will be seen that for optimal contraction rate in the second
stage, an inflation factor which goes to infinity at a specific rate will be needed.

5. Two-stage Bayesian estimation and accelerated rates of
contraction

In this section, we show that by obtaining samples in two stages in an appropriate manner, we
can accelerate the posterior contraction rates of g and M to the optimal sequential rates. Given
a sampling budget of n, we first obtain n; < n samples to compute the first stage posterior
distribution. The remaining n, = n —n| samples are then obtained by sampling points uniformly
from some regularly shaped credible region constructed from this posterior. Since this is a small
region, we can approximate the regression function f by a multivariate polynomial. By further
endowing the coefficients with normal priors, we then use these samples to build the second
stage posterior distribution for f and hence for u and M through the argmax and maximum
functionals. We will then show through Theorem 5.2 below and simulations (Section 6) that
these second stage posteriors are more concentrated near the truth.

Let us first describe our proposed Bayesian two-stage procedure in greater detail. Let p €
(0, 1). In the first stage, we choose n| € N design points {X;,i =1, ...,n;} such thatn;/n — p
as n — oo to obtain data D; = {(X;, 17,-),1' =1,...,n1} for the model in (1.1). Typically, one
chooses p = 1/2 to achieve equal sample splitting but other proportions are possible depending
on the sampling configurations (e.g., grid or random sampling) and other practical considerations
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such as field conditions and financial constraints. By using the B-spline tensor product prior
discussed in Section 3, we obtain a first stage posterior for f. This then allows us to construct

the set

(ol — il < np.k=1,....d},

where J is the mode of the first stage posterior mean of f. We choose 8, ¢,k = 1,...,d such
that
. _ a*(1—a; 1)/ Qa*+d)
,min, Sk = P 1I§f§d(logn/ n) (5.1

for a chosen sequence p, — 00, so that this set is a valid credible set, as it contains E,,, for large n.

Now sample n, =n — ny locations {xi, ..., x,,} uniformly from this credible set and observe
the second stage samples Dy = {(x;, Y;),i =1,...,n2}.

Next, we center the second stage design points at the origin by z; =x; — @ fori =1, ..., n».
In other words, z;,i =1, ..., ny, are i.i.d. uniform samples from the hyper-rectangle Q := {x :

[xk| <bni,k=1,...,d}of sides 6, x,k=1,...,d. Observe that z;,i =1, ..., na, are indepen-
dent from the errors € in this sampling scheme. We chose this sampling domain because we need
its length at each direction to adapt to different smoothness, and it is operationally more conve-
nient to construct credible sets in the form of hyper-rectangles and do uniform sampling on it
(see Remark 5.3 below for a more thorough discussion).

At the second stage, we put a prior on the regression function by representing f(z) at
2=10(z1,...,z4)" € Q as a multivariate polynomial function of fixed order my = (o1 — 1, ...,

ag— DT ie., forzl = ]_[le Z,

fo@ =Y 6z =p)"0, (5.2)

i<mgy

where p(z) = (z' i <my)T and 0 = (6; : i < mg)" are the corresponding basis coefficients.
The elements of {i : i < my} can be enumerated as {ig,i1,...,iw} where W 4+ 1 = ]_[Z=1 o
with ig = 0. Define Z = (p(z1), ..., p(znz))T, and note that for d = 1, Z is a Vandermonde
matrix.

We endow 6 with the prior 8|0 ~ Ny 1 (&, 02V), where the entries of £ do not depend on n

and V = diag{]_[gzl SrZi(ij)k :j=0,1,..., W}. Then it follows that the posterior IT1(|Y, o'?) is

Nw[(ZTZ+Vv ) (ZTY +v7'E), 02272+ Vv )] (5.3)

The empirical posterior follows by replacing o with G2 = (111512 + n25'22) /n, where 52 =

(? — Bn)T(BSlBT + Inl)*l(IN/ — Bn)/n; is the empirical estimate of o2 based on the first

stage samples, and 522 = n;] Y — ZS)T(ZVZT + Inz)_1 (Y — Z§&) is the same estimate based
on the second stage samples.

For the hierarchical Bayes approach, we use the first stage posterior of o2 as prior for the

second stage. That is, we equip o> with IG(B1/2, B2/2) prior at the first stage, where f; > 4



Bayesian mode and rate acceleration 2341

and B, > 0, we then use the resulting posterior IG[(81 + n1)/2, (B2 + n18]2)/2] as prior for
the second stage, which will further yield IG[(81 + n)/2, (82 + nE*Z) /2] as the second stage
posterior for o-2. The proposition below shows that the second stage empirical Bayes estimator
and the hierarchical Bayes posterior of o' are consistent, and it is a key step in establishing the

main result given in Theorem 5.2 below.

Proposition 5.1 (Second stage error variance). Uniformly over || fo|la.co < R,

(a) The second stage empirical Bayes estimator 53
rate max{n~ /2, n=2"/ Qo +d) Zzzl 8202‘}.
(b) Ifinverse gamma posterior from the first stage is used as the prior in the second stage, the

second stage posterior of o2 contracts to 002 at the same rate.

converges to 002 in Py-probability at the

Letr=(ry,..., rd)T be such that r < m,. Then the r mixed partial derivative of fp is

d :
9"k ik i! .
D' fox)=Y_ 6 k| |1 FEC > 6 (l._r)!z’ " (5.4)

i<mgy r<i<mg

which is a multivariate polynomial of degree m, — r. The posterior distributions of D" fp can
then be induced from (5.3).

Let us define the location of the maximum of fp inside the centered region as p, =
arg max, o fp(z). We then relate this location back to the original domain by u = & + u, with
corresponding maximum value M = fy(n,). Following the same reasoning as in Lemma 3.2,
I is unique for almost all sample paths of fy under the empirical or hierarchical posterior. The
following theorem establishes the second stage posterior contraction rates of u and M for any
smoothness level ax > 2,k =1, ..., d, uniformly over || foll¢,c0o < R.

Theorem 5.2. For any chosen sequence p, — oo, let 8,1,k = 1,...,d, be such that
* —1 *

ming<k<d Sp.k = Pn Maxi<k<q(logn/n)* (A= )/ Q" +d)  Then under Assumptions 1, 2 and 3,

we have uniformly over || folla,co < R and for any m, — oo,

d
E0H|:||;L — ol > my, 121](212;8’;}( (n—l/Z + Z(SZ’,) ‘ Yj| — 0,
- =1

d
E0H|:|M — My| > my (n—”2 + Zajkk) ( Y:| 0.
k=1
In particular, if ax > 1+ /1+d/2 forall k=1, ...,d, then for the choice §, y = n~1/Qa
k=1,...,d, the posterior distributions for u and M contract at the rates n~@=D/C) gng
n=1/2 respectively, where ot = min <k <q Ok

Let us take 8, = n~ /%) the optimal choice suggested above. By comparing this theorem
and the single stage contraction rates of Theorem 4.1, we can draw the following three main
conclusions:
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1. If we perform a Bayesian two-stage procedure, we accelerate contraction rates for estimat-
ing . and M, with M achieving the parametric rate n~!/2.

2. At the same time, we remove extra logarithmic factors that are present in the single stage
rates.

3. The second stage rates for u and M do not depend on d the dimension of the regression
function’s domain, and the effect of dimension is mitigated to a lower bound 1+ /1 +d/2
required on the smoothness at each direction.

The first conclusion says that the second stage posteriors for w and M are more concen-
trated near the truth when compared with their single stage counterparts, and this is evident
since the second stage rate of g is n=@~D/C0) « (logn/n)@ 1-a~H/Ca"+d). while for M is
n=1/2 « (logn/n)®/2«"+d  As noted above, M has achieved its oracle or the parametric rate.
The second stage rate for u is sharp, to see this note that if & is the worst direction and we know
all components of u except the kth one, then by analyzing the reduced one-dimensional prob-
lem, we find the same rate as well since the dimension disappears from the rate. Clearly this is
oracle and unbeatable and so the rate is the best possible under anisotropic Holder spaces. In the
isotropic case where oy = o,k = 1,...,d, the second stage rate for u reduces to p~@—D/Ca)
and this is precisely the minimax rate for this problem under sequential sampling (see Chen [5],
Polyak and Tsybakov [22] and Belitser et al. [1] as mentioned in the Introduction).

Remark 5.3. There are other ways to construct credible set and obtain the second stage samples.
A first attempt would be to simulate f from its first stage posterior and apply the argmax operator
on f. However as the posterior of f contracts to fj, this approach does not ensure that the second
stage samples are sufficiently spread out, that is, the distance between samples at direction & is
at least some constant multiple of 8, x for k =1, ..., d. Another way is to do uniform sampling
on C, constructed in (4.6), that is, we envelope Cy,, which is possibly irregularly shaped, by the
smallest hypercube, do uniform sampling on this cube and discard points that fall outside of Cy,.
By (ii) and (iii) of Theorem 5.1, C,, C Cy C E,L, and samples in Eﬂ are proportional to those
in C,, under uniform sampling. Hence, the entries of (Z TZ)~! arising from uniform sampling
on Cy, or on hypercubes will have the same order, and the second stage posteriors from these
two sampling schemes will have the same asymptotic behavior. Operationally, sampling from Cy,
requires an extra step in deciding whether the sampled points fall in the set or not.

Remark 5.4. For asymptotic analyses, the prior covariance matrix V plays a minor role as the
data “washes” out the prior. However, for finite samples, the correct specification of V is crucial
for the success of our proposed method in practical applications. Through empirical experiments,
we discovered that V must reflect the scaling of the space by &, x at direction k, and its inverse
must have the same structure as Z’ Z so that (Z7 Z + V_l)_1 will act as an effective shrink-
age factor in (5.3). Let us write A := diag{]_[f=1 8;,((”)]‘ :j=0,1,..., W} and we can see that
ZTZ = AAA where A is a matrix of constants not depending on n (see Lemma 8.1 for more
details). Therefore if we center the second stage design points, then we match the structure of
Z" Z by choosing V = A2, which is our default choice. If the points are not centered, we found
that Zellner’s g-prior will work, that is, V = g(Z” Z)~! where g can be estimated by empirical
or hierarchical Bayes methods.
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6. Simulation study

We shall compare the performance of our two-stage Bayesian procedure with two other esti-
mation methods: the single-stage Bayesian, and the two-stage frequentist procedure proposed in
Belitser et al. [1]. Consider the following true regression function defined on [0, 1%

folx, y) = (143D 20D o5 4(2x — 1) + cos 52y — )],

where the true mode is given by uy = (0.5,0.5)7 . In the first stage, we observe fy on a uniform
30 x 30 grid with i.i.d. errors distributed as N(0, 0.01) (see Figure 1(a) with black circles as
observations). We use bivariate tensor-product of B-splines with normal coefficients as our prior
(see Section 3). We choose the pair (J1, J2) that maximizes its posterior, that is,

. . ~ ~— —1/2 . .
Jy = j1, o= j2lY,0 =01) x 0, nl[det(BSZBT +In1)] / I = ji, o= j)

by integrating out #. We create a candidate set J := {1,2, ..., Jmax} X {1, ..., Jmax} by set-
ting Jmax = 20. We put discrete uniform prior on (Ji, J2) over J such that I1(J; = ji,
Jr=jp) = Jrgazx = 1/400 for any (ji, j2) € J. We then find the combination that gives the
maximum log I[T1(J; = ji, J» = j»|Y, 0 =) by doing a grid search. To speed up computations,
we ignore any constant terms such as the prior factor and the posterior denominator since they do
not affect this optimization problem. We plot this marginal log-posterior of (J1, J2) in Figure 2
and we found that J; =7 and J> = 9 based on this criterion. At each dimension, the B-spline is
of order 4 (cubic) with different uniform knot sequence. For the prior parameters, we set n = 0
and £ = I. Figure 1(b) shows the surface of the first stage posterior mean of f.

We sample 864 points uniformly in {g : |pur — x| < 8k, k = 1,2} (see black circles in Fig-
ure 1(b)) to obtain the second stage data ¥;,i =1, ..., 864. This number is chosen so as to fulfill
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Figure 1. Our proposed Bayesian two-stage procedure: first stage on the left and second stage on the
right. (a) A plot of fj, with the black solid point as f(;g) = Mo and black circles as the first stage 900
observations. (b) Posterior mean based on bivariate B-spline prior, and the black circles are the 864 second
stage samples.
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Figure 2. log-posterior of (J, Jp) with its maximum at (7, 9).

the sampling configuration required by the frequentist method explained below, and to ensure
that all methods under consideration will use the same amount of samples. To choose §1, 62, we
first draw 1000 samples from the first stage posterior distribution of f, find the mode for each
sample by grid search to yield samples from the first stage posterior of , search for the smallest
rectangle enveloping these induced u samples, and take 81, §2 be the lengths of its sides. We
found that §; = 0.1111 and 6, = 0.1111 and we proceed to do uniform sampling across this
rectangular region. Note that we do not take the induced u samples as our second stage samples
because most of them are concentrated near the center, and hence they are not sufficiently spread
out (see Remark 5.3).

We center the 864 sampled design points at the origin by subtracting each of them by g, and
we use tensor product of quadratic polynomials with normal coefficients as prior (see (5.2)).
That is for x, y € Q = [—81, 811 X [—82, 821, fo(x, y) =60+ O01x + 602y + 63x% + 64y + O5xy +
Osxy? 4 07x%y + Ogx?y?. Since x, y € Q, we note that the last three columns of the constructed
basis matrix Z (corresponding to the last three terms) are very small in magnitude compared with
the remaining terms. Thus for numerical simplicity, we consider only

fo(x,y)=00+61x + 6y + 03x% + 04y” + O5xy,

where 8]0 ~ N(0,02V), with V = diag(1, 8,2, 85,8, %, 65, 8,28, %). We use the empirical
Bayes method to estimate o by G, which is the weighted average of the first and second stage
estimates o1, o2. However, we note that in our simulations that &, gives a much better estimate
than & at the current (n1, ny)-sampling plan, and since both are valid independent estimates
of o, we take o, = 0. Now, to compute K, =argmax, .o fo* (z) for a fixed 6, we solve the
following system of equation V f, (i) = 0, which is equivalent to solving

205 65\ (1 1) <—91)
’ = 61
<95 294) <Mz,2 —0 .
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for p, = (g1, /VLZ,2)T. Therefore, to induce the posterior distribution of u, we draw samples
from I1(#|Y) by substituting o = &7 in (5.3), solving for g, using (6.1) for each sample, and
translating back to g = i + p.

The procedure described is implemented in the statistical software package R. Univariate B-
splines are constructed using the bs function from the splines package. We then use ten-
sor.prod.model .matrix from the crs package to form their tensor products. Observe
that we have used a total of 30 x 30 + 864 = 1764 observations. To show that the two-stage
procedure indeed has better accuracy than single stage procedures, we then compare our two-
stage procedure with a Bayesian single stage method that uses the same number of samples, that
is, on a uniform 42 x 42 grid points. As in the previous case, we observe fy at these points
with i.i.d. errors N(0, 0.01). We then use bivariate tensor-product B-splines with normal co-
efficients as prior with the same setting. We found that J; = 9, J, = 9 maximizes its poste-
rior.

To compare Bayesian and frequentist procedures, we repeated the same experiment using
the two-stage frequentist procedure implemented in Belitser et al. [1]. In their procedure, we
first fit a locally linear surface by loess regression in R on the first stage design points. We
choose the corresponding bandwidth or span parameter to be 0.02 by leave-one-out cross val-
idation. The maximum of this surface serves as a preliminary estimator. We construct a rect-
angle of size 281 x 28, around this estimator and further divide this region into 4 smaller
81 x 8 rectangles. In their implementation, Belitser et al. [1] actually tuned 8,82 using
the knowledge of the true maximum, and to the best of our knowledge, there is no practi-
cal frequentist method to choose the &s in the literature. Faced with this situation, we de-
cided to follow Belitser et al. [1] and choose the §s by minimizing the expected Lj-distance
between the second stage posterior mean for g and the true u,. We found that §; = 0.06
and 8 = 0.06. Then, we take 96 replicated samples at the 9 grid points to form 864 sec-
ond stage samples. A quadratic surface is fit through these points and its coefficients are esti-
mated using least squares. We compute the second stage estimator of p( by (6.1) and call it
Ho.

Let ft; and Ji, be the single stage and two-stage posterior means respectively. To compare the
performance of our proposed Bayesian two-stage method with the other two, we replicate the ex-
periment 1000 times for each of the three methods. For each replicated experiment, we compute
llm — poll for each w = iy, iL,, ®,. Figure 3 shows the box-plots of these 1000 computed root
mean square errors (RMSE) for all three procedures.

We see that the our proposed Bayesian two-stage procedure has considerably lower RMSE
than the corresponding single stage procedure, and thus supports the conclusion of Theorem 5.2
in finite sample setting. We also observe that our proposed Bayesian two-stage procedure per-
forms slightly better than the frequentist procedure, despite the fact that we have used the true
maximum to tune the frequentist procedure while our proposed Bayesian two-stage method is
fully data driven. The superior performance may be due to our choice of prior covariance matrix
V (see Remark 5.4) where it causes (Z7Z + V1)~ in the posterior (see (5.3)) to act as an
effective shrinkage factor.

The R codes to reproduce all the results and figures in this section can be found in the first
author’s GitHub https://github.com/wwyoo/Bayes-two-stage.
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Figure 3. Root mean square errors (y-axis) for the Bayesian and frequentist procedures with 1000 Monte
Carlo replications.

7. Conclusion and future works

We studied Bayesian estimation of p and M in two different settings. In the usual single

stage situation, we obtained posterior contraction rates of (logn/ n)“*{l’fl}/ @2 +d) for y and
(logn/ n)®" /@ +d) for M. under a tensor-product B-splines random series prior with Gaussian
coefficients. Using our proposed Bayesian two-stage procedure, we can accelerate the afore-
mentioned rates to n~ @ /29 and n=1/2 for pw and M respectively, as long as the optimal
8n.k = n~1/@%) is chosen as radius for the credible cube used in second stage sampling. This
rate acceleration is remarkable because it removes the logarithmic factors and it mitigates the ef-
fect of dimension d on the rates. We implemented a practical version of our Bayesian two-stage
procedure in a simulation study, and it outperformed a traditional single stage Bayesian proce-
dure by a large margin, and also performed slightly better compared to a frequentist procedure
recently proposed in the literature.

An important future work for the single and two-stage Bayesian procedures is to make them
adaptive to the unknown smoothness &. In other words, designing theoretically sound and data
driven procedures to determine the optimal J; (number of B-splines) and 6, ; (credible cube
radius) fork =1, ...,d. If only L,-distances are studied, finite random series easily gives adap-
tation by simply putting a prior on J; the number of basis functions. For supremum L ,-distance
as considered in this paper, getting adaptive posterior contraction rate is a lot more challenging
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and seems to need a different type of prior (see Yoo et al. [35]). Coverage of uniform norm cred-
ible sets in the adaptive setting may even need a more radical technique (cf. Yoo and van der
Vaart [36]).

For two-stage procedures, rate adaptation has not been yet possible even for the non-Bayesian
procedure of Belitser et al. [1]. At the minimum, to adapt, one may need multi-stage (possibly
more than 2) sampling. In our simulation study, the empirical Bayes step used in determining
Jr and the sampling based procedure to choose 81, §» are practical and fast plug-in methods,
but it is yet unknown how estimation uncertainty introduced by plugging-in these estimated
quantities propagate throughout the two-stage procedure, and whether this is an optimal thing
to do, even though they do give reasonable finite sample results. We shall try to answer these
pressing questions in some future work.

8. Proofs

Recall that the posterior mean of D" f is D" f = A, Y + c¢;n. Let us write the pos-
terior contraction rate of m given in Theorem 4.1 as €, = maxi<i<g €nk, Where €, =
(logn/n)a*(l—aljl)/(Zot*+d).

Proof of Lemma 3.2. For the empirical Bayes case, the reproducing kernel Hilbert space of the
Gaussian posterior process { £ () : ¢ € [0, 1]¢} given Y is the J-dimensional space of polynomial
splines spanned by elements of by 4(-) (see Theorem 4.2 of van der Vaart and van Zanten [31]).
This implies that it has continuous sample path at every realization. Observe that Enz > (0 almost
surely. Then if

0=Var(f(t) = f®)IY,0 =5,)
=52(byq(t) — b,,q(s))T(BTB + sz—‘)*‘ (byqt) —byq(s)),

this implies that Bj, 4, (&) = Bj, ¢, (s¢) for jy =1,..., Jr,and k=1, ...,d. Since gx > oy > 2
for k =1,...,d, this rules out the possibility that the B-splines are step functions and further
implies that ¢ = s. Thus by Lemma 2.6 of Kim and Pollard [16], u is unique for almost all
sample paths of { £ (¢) : t € [0, 117} under the empirical posterior distribution.

For hierarchical Bayes, consider the conditional posterior process I1(f|Y, o) for arbitrary
o > 0. The reproducing kernel Hilbert space of this Gaussian process is still the space of splines
as before, and consequently has continuous sample path for each realization. Now by substituting
o for &, in the preceding display, we see that Var(f(¢) — f(s)|Y, o) =0 implies # = s. Again by
Lemma 2.6 of Kim and Pollard [16], almost every sample path of f given o has unique maximum
for any o > 0. Note that f is generated from the following scheme: draw o ~ I1(c|Y), and
then f|o ~ GP(AY + ¢y, 0>X). Hence almost every draw of f has unique maximum g under
I(fY). O

Proof of Theorem 4.1. If both f, fo > 0, then (4.2) follows from the reverse triangle inequality
by noting that M = || f||ec and Mo = || follc in this case. If the condition fails to hold, we can
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add a large enough constant C > 0 such that g = f + C > 0 and g9 = fo + C > 0. Then by the
reverse triangle inequality, |||gllcc — l€0llcol < llg€ — gollco- The right-hand side is || f — follco,
while the left-hand side is |M — My| because ||g|lcc = M + C, ||g0llcc = Mo + C.

To prove (4.1), we need to first establish consistency of the induced posterior of p. Now for
any € > 0and § > 0, IT(||jx — pgll > €| Y) is bounded above by

N( sw £ > Fro) |¥)=T( swp (6> o), o) = folbo) —8/2| ¥)
x¢B(po.€) x¢B(1o.€)

+ (£ (o) < folwo) —8/21Y).

The second term is bounded above by IT(| f (rg) — fo(ig)| > 8/21Y) < I1(|| f — folloo > 8/2|Y),
and this goes to 0 in Py-probability by Theorem A.5 in the Appendix with r = 0. The well-
separation property of Assumption 2 implies that there exists a § > 0, such that fy(x) < fo(pg) —
8 for x ¢ B(pg, €). Hence, for this § > 0 and appealing again to Theorem A.5, the first term is
bounded above by

H( U {f(x)>fo(x)+g} ‘Y)§H<||f—fo||oo> g‘Y>—>O

x¢B(I"O’E)

in Py-probability as n — oo. Thus the posterior distribution of u is consistent at y.

Now by Taylor’s theorem, V fo(n) = V fo(pg) + H fo(™)(m — pg) for some p* = rp +
(1 — AM)po with & € (0, 1). Since the posterior of p is consistent as shown above and p*
falls in between g and i, it must be that as n — oo and for any € > 0, IT(||jn* — pol <

€lY) i 1. Let us introduce the set B = {Amax[H fo(r*)] < —XAg}, and note that under As-

P
sumptions 3, TTI(B|Y) —% 1 and H fo(p™) is invertible with posterior probability tending to
one. Therefore, as n — oo and intersecting with B, g — py = Hf()([,l,*)_l (V fo(m) — V fo(mgp)).
Noting that V fy(pg) = V f (1) = 0 by Assumption 2, then

1 Vd
e — woll < —||Vfolw) — V()| < — max || Dy f — Dy folloo,
AQ Ao 1<k<d

where we have used the sub-multiplicative property of the || - ||(2,2)-norm, that is, |Ay]| <
|All2,2)lly]l for some matrix A and vector y.

Theorem A.5 with r = 0 together with (4.2) now proves the desired contraction rate on M. To
derive the rate (4.3) for u, apply again Theorem A.5 with r = e, and the L,-contraction rate
for Dy fisenx, k=1,...,d.In view of (4.1), we have for any m, — oo,

')

approaches 0 uniformly in || fo|la.co < R, establishing the assertion. O

d
A0
EoT (Il — poll > myenY) < ZEOH(HDkf = Defolloo > —5mnea
k=1

Proof of Corollary 4.2. See supplementary article Yoo and Ghosal [34]. ]
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Proof of Theorem 4.5. By construction, Cy, contains ji, the mode of the posterior mean f of f.

Since y < 1/2, Ry i,y is greater than the posterior median of || Dy f — Dx f |loo- For the empirical
Bayesian posterior, Dy f — Di f is a Gaussian process under Assumption 1 and in view of the sec-
ond assertion of Theorem A.6 in the Appendlx it follows that Ry, k., 2 €,k (With r = ek) Define
V;%,k = SUPy¢o,1)¢ Var(Dy f(x) — Dkf(x)|Y). Since the empirical Bayes estimate O’n is consis-
tent in view of (a) in Proposition A.9, then by applying the inequality y” Ay < Amax(A)y||> for
any square matrix A, we can bound var(Dy f (x) — Dy f (x)|Y) with expression given in (3.4) by

(Gg‘i‘OPo(l)))‘ml]n(B B+ ) maX(WekWeTk)Hbqu*ek(x)”2

d
<W4¢I1h§n4mwwfmmu@

for any x € [0, l]d. In the above, we have used the fact 0 < Bj, 4, (x;) < 1 and the par-
tition of unity property of B-splines Zj ]_[;1:1 Bj, 4(x;) =1 to bound ||bJ,q_e,{(x)||2 <

Zﬁ:l ... ZM 1]‘[1 1 Bji.gi—1y—y (x1) < 1 for any x € [0, 11. The eigenvalues were bounded

by (A.13) of Lemma A.7 and Lemma A.8 (with r = e;). Thus, we conclude that vﬁ’k = 0(63,0'
Consequently by Borell’s inequality (cf. Proposition A.2.1 of van der Vaart and Wellner [32])
and taking p to be large enough, for example, p > 1,

d

M(p ¢ Cul¥) <Y T(IDxf — Diflloo > pRuky 1Y)
k=1

<d lr;l]flécdexp[ (p— 1)2Rn k, y/(zvrzl,k)]

which goes to zero since Rﬁ’ Ky / vi x — 0. Thus, the credibility of C, tends to 1 (or is at least
1 —y)in Py-probability as n — oo. For the hierarchical Bayesian posterior, the same conclusion
follows since conditionally on o, the posterior law obeys a Gaussian process and o lies in a small
neighborhood of the true op with high posterior probability (from (c) of Proposition A.9). To
ensure coverage, note that by the construction of Cy, it contains p if || Dy fo — D f loo < ORnk,y
forallk=1,...,d. When fj is the true regression function, the Py-probability of the last event
tends to one for all k by Theorem A.6 with r = e, and hence the statement on coverage is
established. This proves assertion (i).
Assertion (ii) follows in view of (4.6) and if

- Vd ~
I — pmoll < — max || Dy f — D folloo (8.1
Ao l<k<d

holds with Py-probability tending to 1. Indeed by Remark 4.4, V f ([L) 0 and the Hessian ma-
trix H f (@) is non-negative definite and symmetric. Moreover, since f is a polynomial sphnes

of order gy > oy > 2,k =1, ...,d, by Assumption 2, Hf(x) is continuous. Now since f — fo
uniformly in Py-probability as a result of Theorem A.5 and fj has a well-separated maximum
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by Assumption 2, it follows that j is consistent in estimating gy by Theorem 5.7 of van der
Vaart [30]. Hence for n large enough, B(i&, T/2) is contained in B(p, t) for the same t appear-
ing in Assumption 3. Now since D" f converges uniformly to D" fo (Theorem A.5), and using
the fact that maximum eigenvalue is a continuous operation, we have by the continuous mapping
theorem that A (H f(x)) — Amax(H fo(x)) uniformly in x. By further adapting (4.2) to the
present situation, we see that sup,. B(i.t/2) Amax (H f (x)) < —A¢ for sufficiently large n. Conse-
quently, the proof of the inequality (4.1) given in Theorem 4.1 will go through even if we replace
fo with f and pg with L.

Let 1, be a d-dimensional vector of ones, and £ some point between x and x — (Rd) ™! x
140R; 1, for any given x € [0, 11¢. In what follows, we take n large enough so that Ry k,y
is small enough, and adding or subtracting some constant multiple of R, i, still allows us to
stay within [0, 1]¢. For (iii), we have by the multivariate mean value theorem and the Cauchy—
Schwarz inequality that

D f(x — (R MapRysy) — Di f )| < | VD F &) |R7'a 2 pRy i,

fork=1,...,d. Since D" f—> D" fo uniformly (cf. Theorem A.5) and the norm is a continuous

map, VD (&) — [IVDx fo®) | < v/dmaxi<j<a|D; Dy fo§)| < Vall folla,oo in view of the
definition given in (2.1). Therefore uniformly over || folla,c0c < R, the right hand side above is
less than pR; ., when n is large enough. Now since the mode of f(~ — (Rd)_lldpR,,,k,y)
is &+ (Rd)"'"14pRy 1.y, it follows immediately that & + (Rd)~'14p maxj<x<q Ru k., € Cp.
Notice that this argument still holds even when we replace 1; with any point in the boundary
of a unit cube, and this collectively shows that with probability tending to one, Cy, contains a
hyper-cube centered at ft of size (Rd)1p max|<k<d Rux,y-

The proof of (iv) is similar to that of (i) with maxj<x<g Ry, 1eplaced by Ry 9, . The proof
of assertion (v) can be completed by following the arguments used in the proof of assertion (ii)
with (4.2) applied to the pair f and f g

To prove the results in Section 5, we need to first lay out some preliminary details. Define
Joz(x — ) = fo(x) to be the shifted true function. Let g = (6p; : i < my)T be a random
vector such that fy,(x — n) = Ty, fo(x), where fy is from (5.2) and Ty, fo(x) is the Taylor
polynomial of order m, by expanding f{ around g, that is,

D' fo(po) :
> = x =) (82)

i!

D b0ilx — ) = folmo) +

i<mgy i<mgy,|i|>2

where V fo(fty) = 0 by Assumption 2. Hence, ¢ can be thought of as the true 6 by projecting fo
onto the space of polynomials of order m,,. Note that ¢ is random and depends on f, ftq and fp.
By applying D on both sides of (8.2) and evaluating at x = Ji, we have i'6o; = DiT,LO Jo(i).
Note that since D! fo(x),i < mg, are continuous by Assumption 2, they are bounded over
{m:|uk — 0kl <8k, k=1,...,d}, and this implies that for any i < m, |69,;| = Op,(1) uni-
formly over || foll¢,co < R. The design matrix Z is generated using i.i.d. uniform samples and by
Lemma 8.1, we know that Z” Z is invertible with probability going to 1 as n — oc. In the actual
computation, the invertibility of Z” Z is not an important issue as there is the presence of the
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prior covariance matrix V to serve as a regularization factor, and Z” Z 4+ V! in (5.3) is always
invertible by our choice of V.

As a consequence of Theorem A.5, Dy f converges uniformly to Dy fo at the rate €, x,
and by (8.1), this translates to ||t — uoll = Op,(€). Let Fo = (fo(x1), ..., fo(x,,z))T where
{x1,...,X,,} is the original (unshifted) second stage samples. Note that (Z8o); = fp,(x; — ) =
Ty, fo(x;) and under the assumption of (2.2), we have

d
1Fo— Z60lloo = max |fo(xi) — Ty foxi)| S max Y |xix — ok |
1<i<ny 1<i<ny =l

(8.3)

< max Z ik — Bl ™ + Z |k — poel ™ < 25‘1"

uniformly over | folla.co < R. The second line follows from the inequality |x + y|" <
max{1, 2"~ 1}(|x|” + |y|"), while the last inequality is due to |x;x — Hx| < 8n k almost surely
since xjx — [k ~ Uniform(—3, k, 8nk); and |k — pok| < I — poll = Opy(€n) = 0p,(8nk) as

argued above, where €, =0(8, k), k=1, ...,d was by our choice in (5.1).
We break the proof of Theorem 5.2 into a series of steps. First, let us enumerate the elements
of{i:i <mgy}as{ip,....iw}withW+1= ]_[z=1 oy, For the rest of this section, we follow this

indexing convention and index the entries of vectors &, # and 6 by elements of {i : i < mg}. For
matrices Z” Z and V, we enumerate their rows and columns starting from 0 and ending at W.
We note that in our first and second stage sampling plans, n1 < n < nj.

The first key step is to derive sharp upper bounds for the posterior mean and variance, which
will involve upper bounding the entries of (Z” Z)~!. These calculations are made simpler by
centering the design points so that they are uniformly distributed around zero in each co-ordinate,
and (ZT Z)~! will not depend on Ji. The following lemma describes the asymptotic behavior of
the entries of (Z7 Z)~! when the second stage samples are collected under uniform random
sampling. In the following, we define §, = (6.1, . - -, (Sn,d)T and write Sf, to mean ]_[Zzl 8:1",(

Lemma 8.1. As n — oo, Z! Z is invertible with probability tending to 1. Moreover for a,b =
0,..., W, we have [(ZT Z) " ]ap = Op(n~'§, FaTin)),

. . iid.
Proof. After centering, second stage samples are distributed as z; = @ity zia)T S
Uniform(]_[zzl[—Bn,k, Snkl).i=1,...,n2, and z;x ~ Uniform[—§, i, 6, x]. Thus,
aoo apd,' - aowd,”
. ajod;)! a115i” alwﬁz“““’
Z'Z=ny . . . . =nAAA 8.4)
awoaiw aW](Sflw-H] s aWWS,zl"W
. .. . _ A iid.
with the (i, j)-entry of A being a;; = n, ! 222:1 U;{‘ U;j where Uy = (Ug, ..., Ua)T S

Uniform[—1, 1]‘1, and A = diag{S,’f :j=0,...,W}. Define U = (Uio,..., UiW)T for U =
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Uy, ..., Ud)T ~ Uniform[—1, 1]‘1. By the law of large numbers, we have that A converges in
probability to EUU7 entry-wise, and hence EUUT — eI < A < EUU” + €I for a sufficiently
small € > 0. Observe that entries of EUU” are mixed moments of U ~ Uniform[—1, 1] and
hence is positive definite. Then EUU” — €I is invertible when € is smaller than the minimum
eigenvalue of EUU” . Thus for sufficiently small € > 0,

1 1 1

ny ' ATV EBUUT +el) A < (27Z2) <ny' ATNEUUT —el) AT

Let u'/ be the (i, Jj)th entry of (EUUT)~! and recall that ny > cn fo'r some constant ¢ > 0 It
then follows that fora =0, ..., W, [(ZT Z)uq is Op(ny 'ut8, Yatia)) = 0 p (n=1§, (atia)),
Using the fact that for positive definite G, g;; < ,/giig;; by the Cauchy-Schwarz inequality,

[(ZTZ)_I]ab witha, b =0, ..., W is bounded above by

@221, [(272) ], = 0p (™56 0). o

Proof of Proposition 5.1. See supplementary article Yoo and Ghosal [34]. ]

Let IC,, := [002 —mp&y, 002 + mu&,] where m, is any sequence going to infinity (e.g., slowly
varying such as logn) and &, = max{n~1/2, p—2"/ Qe +d) Zgzl 853("}. Recall that O = {x :
|xk| <dnk,k=1,...,d} is the centered second stage credible set/sampling region.

Lemma 8.2. Foranyi <mgy and o?e Ka,

d
i [ 1 '
E[(6; — 60.0)*|Y.0%] = Op, |:l—[ 5n,ilk (; + ;53%)}

k=1 =

Proof. Let 0 < h < W. Since V > 0 by assumption, we have by Lemma 8.1 that
supy2cic, Var(6;, 1Y, 0?) is

[of + o[22+ V)", S[(272) 1], S ta ®5)

Now the bias for the conditional posterior mean in vector form is
E@01Y,0%) —80=(2"2+ V") (2"Y +V'g) -6, 06
=(Z"2+V ) [Z"e+ 2T (Fo— Z80) + V™' (& — 00)]. '
Following the same reasoning as in (8.5), the hth diagonal entry of the covariance matrix

of(ZTZ+Vv YT ZTZZTZ+ Vv ) of (ZTZ+ V) leis

Ug[(ZTZ + V_l)_IZTZ(ZTZ + V_l)_l]hh §n_15;2i”.

Since Eg(e) = 0., it follows from Markov’s inequality that the Ath entry of (Z Tz+v-! y1ZTe
is Op,(n~1/28 ") forO<h < W.
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Let B;; be the (i, j)th element of (ZTzZ+v—H-1, k;j be the (i, j)th element of V~—landy, be
the ith entry of Fo— Z6. By (8.3), we have uniformly over 1 <i <nthat |y;| < Zi:] 3zf‘k. Now
using the fact that for positive definite G, gnj < ./gnng;; by the Cauchy—Schwarz inequality, we
have forO<h, j <W,

(@ z+v )", = (@ 20 v) 02 20 v,

< \/[(ZTZ)_l]hh[(ZTZ)_l]jj §n_18;(ih+ij)_

Since z; € Q, j =1,...,ny, we have |z§.| < Sfl for i < mg. Therefore, since ny < n,
(ZTZ+ VY 1ZT(Fo— Z0o)), is

ny

ny d
i i —i o,
Bhro szoyj +oo 4 Baw szw)/j S8y ek
j=1 1 k=1

j=

It remains to bound each entry of the last term in (8.6). Since [60,i; — &0,i;1 < 60,i;| + |80,i;| =
Op,(1) for j =0,..., W, then Lemma 8.1 and the choice of V imply that [(ZTZ + V~1)~! x
V=IE —00)]n is

w w
Buo Y k0jEi; — 00.i;) 4+ Buw Y kwj(Ei; —00i,) Sn'8
j=0 j=0

Combining the bounds derived back into (8.6), the squared bias [E(G,-h|Y,02) — 90’,~h]2 is
Op, [n_zé; Zin 4 8, Zin Zzzl 85”,5]. The result follows in view of the bounds established and
(8.5). O

Lemma 8.3. Uniformly over | follaco < R, for any r < my, x € Q and m, — 00,

EoI1(|D" fa(x) — D" fo; (xX)] > muenr|¥) — 0, where ey r 1= 8, (n1/2 + Y4, 52%).

Proof. In view of (5.4),

i! i
D" fy(x) = D" fo,(x) =r'Or — b0 )+ Y. (0 —60)x"".
. (@ =r)!
r<i<mg,i#r
Observe that for any x € Q, |xi_’| < 8,’;*’. Also, by noting that ry <iy <ay—1fork=1,...,d,

we have both r!,i! < [T¢_, (ax — 1). Using the fact (37, [bi[)? <nP~ ' S0, |bi|? for p > 1,
|D” fo(x) — D" fo, (x)|? is bounded above up to a constant multiple by

0 — B0, P+ Y 16 — 6041287 (8.7)

r<i<mg,i#r
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Therefore, for any r < m, and any x € Q, we have uniformly over | folla.co < R that

Eosup,2¢ic, E(ID” fo(x) — D" fo, (x)|?|Y, o%) is bounded up to a constant multiple by

Eo sup E[(6, — 60, IY.0%]+ > 83 *Eo sup E[(6i —60.)°|Y.0%]. (8.8)

02€’Cy, rSifma,i#r UZEICn

In view of Lemma 8.2, the first term is bounded by §,; !+ Z i=1 2‘”) By noting that the

sum over {i : r <i <my,i # r} has at most ]_[k=1 oy terms, another application of Lemma 8.2
implies that the second term in (8.8) is bounded above by

> 63"—2'[3;2"( +252"‘k>}§3;2’( +252"‘k>.

r<i<mgy,i#r

Using the inequality |a 4+ b|" < max (1,2 ") (la|” +|b|"),r > 0 and (2.2), we have |D" fo,(x) —
D" fo . (x)] is

d

| D" Ty (x + ) — D" folx + )| S D Ixa + Tk — prosl ™"
k=1

d d
O —F ~ —
SY SR i — pos |,
=1 k=1

(8.9)

and Eo| D" fo, (x) — D" fo.:(x)* < Y4y 855" uniformly in I folleco < R by (8.3)
Define P, r(x) :=Eosup,2cxc, E[(D" fo (x) — D" fo, <(x))?|Y, ¢2]. Combining all the bounds
established and (8.8), we have uniformly over || foll¢,c0 < R,

Por(x) SEo sup B(|D fo(x) = D" fo,x)*1¥, 0%) +Eo| D" fo(x) — D" fo-(x)[°

o2ek,
d
1
—2r 20ty 20t —2ry 2
<8, (;+Zamk>+25 <e
k=1

By Proposition 5.1, Po( € K,) = 1 as n — oo uniformly in || foll¢.co < R. For the empirical

Bayes posterior I1(:|Y) = I1z, (-|Y) and by Markov’s inequality, we have for any m,, — oo,

D' fy(x) = D' fo2(0)] > muen sI¥) < nj . (2 Y0, 8.10)

EoIT5, (

uniformly over || fo|la.co < R. For the hierarchical Bayes procedure, we have for any m, — oo

that EoIT(|D" fo(x) — D" fo ;(x)| > mp€, |Y) is uniformly over || folla.co < R bounded above
by

Por(x)/(mpen ) +Eoll(c? ¢ Ky | Y). (8.11)
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The first term is o(1) since P, r(x) < en ,» while the second term goes to zero by Proposi-
tion 5.1. [l

An immediate consequence of the previous lemma is the following, whose proof can be found
in the supplementary article Yoo and Ghosal [34].

Corollary 8.4. Uniformly in | folla.co < R, we have for any r < my and m, — oo that

EoIT(|ID" fo — D" fozllco > mné€n,r|¥) — 0.
We are now ready to prove Theorem 5.2.

Proof of Theorem 5.2. We shall prove only the empirical Bayes case as the hierarchical Bayes
case follows the same steps. Recall that g = L + pt,. As a consequence of Theorem 4.1 and our
choice of 8, k, k=1, ...,d, we have Py(uy — it € Q) — 1. Therefore by (4.1),

d
e — woll = ||r; — (mo — )| < £ max, Sup|Dkf0(x) — D foz (%))

Let 7, 4 := 8;,1((11’1/ L Z’,le ng‘k). Using this bound and Corollary 8.4 with r = ey, we have
for any m, — oo that EoI1(||;t — poll > m, maxi<k<ag Tn k|Y) is bounded above by

d
Ao
ZE0H<||Dkf0 = Difozlloe > ZZmn max wi | Y) - 0.

k=1

By definition, M = fp(p,) and Mo = fo (g — H). Then by (4.2), |M — My| <
supyco | fo(x) — foz(x)| since Po(pg — 1L € Q) — 1 as before. Therefore by Corollary 8.4 with

= 0, we have for m, — oo, E()H“M - Myl > m,(n"'? + ZZ 1 8“" DIY] <
EoTI[l| fo — fo.zlloo > ma(r™12 + 3{_ 874)1¥1— 0, uniformly over || fo a0 < R.

To prove the last part, note that 6, , = n’l/ Ca) kg =1,...,d, comes from equating the two
terms in the second stage rates for w and M, that is, n 12 = ZZ:] Szf‘k. To solve for §, , take
Sn k= (d _IBn)l/ % where §, is a positive sequence in n that does not depend on k. It follows
that 8, = n~1/2 and hence On k= n—1/2%) The condition ming<x<g 8n.k = Pn€n Or equivalently
€n = o(minj<x<g4 8 k) is fulfilled when 1/(2e) < o™ (1 — g’])/(Za* +d) for o = minj<k<g ok.
By rearranging, we need 2aa® — 4a™ — d > 0. Since o > 2 by Assumption 2, we have 2aa™ —
da* —d =2(a —2)a* —d > 20> — 4a — d. Thus, it suffices to find & such that 2a> —4a —d > 0
and this is satisfied if « > 1 + /1 4+ d/2 under the constraint that o > 2. (I

Appendix

In this section, we collect some auxiliary results and technical lemmas that were used in several
places to prove the main theorems in the previous section.
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The next two results concern contraction rates and credible band coverage for the regres-
sion function f and its derivatives, and they correspond to Theorems 4.4 and 5.3 of Yoo and
Ghosal [33], respectively.

Theorem A.5. Let J, ; < (n/logn)“*/{“k(2“*+d)}, k=1,...,d. Then under Assumption 1, we
have for any sequence m; — 00,

sup E()H(”Drf - D" f ”oo - mn(logn/n)a*{l—zzzl(rk/ak)}/(20t*+d)|Y) = 0.
”fO”a,ooSR

In particular, contraction rate for f can be recovered by setting r = 0.

Consider the simultaneous credible band {f : | D" f — D" ]?HOo < pRy r,y}, where the quantile
Ry.r.y is chosen such that TI(| D" f — D" flloc < Ru,r,y1Y)=1—y and p > 0 is some large
enough constant.

Theorem A.6. Let J, ; < (n/ logn)"‘*/{“k(z"‘**d)}, k=1,...,d. Then under Assumption 1,

L. inf) )0 o<k PoUID" f = D" folloo < pRur.y) — 1,
2. Rury = (logn/m)® 1=Sia(x/al/ Q"+ iy po probability.

Credible bands for f is recovered by r = 0 and for D f = Dy f by r = ey, in the latter case
we also write the radius as R, k., = Ry e,y -

The result below was taken from (3.10) and (3.11) of Yoo and Ghosal [33], and it shows
that B-splines despite being a non-orthonormal basis, are approximately orthogonal under our
assumption on the design points.

Lemma A.7. Let J = HZ:I Ji. If the design points were chosen such that (2.3) holds, then for
some constants C1,Cp, c1,cp >0,

Ci(n/J) < B"B < Co(n/ ), (A.12)
Ci(n/I)+¢; " < hmin(B"B+ Q7" < hmax(BTB+R7") < Co(n/J) + 7', (A13)

Lemma A.8. Let W, be the finite difference matrix as seen in (3.1). Under the quasi-uniformity
of the knot distribution, we have Amax (W, W,T) = O(szl szr"').

Proof. Note that Amax (W, W) = hmax (W W,) < IWI W, l22) S TT¢L, I, where the last
upper bound was computed in (7.15) of Yoo and Ghosal [33]. U

The following proposition shows that the single stage or the first stage (in the setting of two-
stage procedure) empirical or hierarchical Bayes estimator of o2 is consistent. Note that this
result corresponds to Proposition 4.1 of Yoo and Ghosal [33].

Proposition A.9 (First stage error variance). Suppose J, ; < (n/log n)® M@ +d)}  Thep
uniformly over || folla.co < R,



Bayesian mode and rate acceleration 2357

2

(a) First stage empirical Bayes estimator G; converges to Ug under Py-probability at the rate

(b) If inverse gamma prior is used, first stage posterior for o

max{n=1/2, p=20"/Qe*+d)y |

2 contracts to (TO2 at the same

rate.

(c) If the prior used has continuous and positive density on (0, 00), then the first stage poste-

rior for o is consistent.
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