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Abstract.

Gaussian process (GP) regression is a Bayesian nonparametric method for regression and interpolation,
offering a principled way of quantifying the uncertainties of predicted function values. For the quantified
uncertainties to be well-calibrated, however, the kernel of the GP prior has to be carefully selected. In this
paper, we theoretically compare two methods for choosing the kernel in GP regression: cross-validation and
maximum likelihood estimation. Focusing on the scale-parameter estimation of a Brownian motion kernel in
the noiseless setting, we prove that cross-validation can yield asymptotically well-calibrated credible intervals
for a broader class of ground-truth functions than maximum likelihood estimation, suggesting an advantage of
the former over the latter. Finally, motivated by the findings, we propose interior cross validation, a procedure
that adapts to an even broader class of ground-truth functions.
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1. Introduction. Gaussian process (GP) regression (or kriging) is a Bayesian nonparametric
method for regression and interpolation that has been extensively studied in statistics and
machine learning (O’Hagan, 1978; Stein, 1999; Rasmussen and Williams, 2006). Its key property
is that it enables uncertainty quantification of estimated function values in a principled manner,
which is crucial for applications involving decision-making, safety concerns, and scientific
discovery. As such, GP regression has been a core building block of more applied algorithms,
including Bayesian optimisation (Jones et al., 1998; Shahriari et al., 2015; Garnett, 2023),
probabilistic numerical computation (Hennig et al., 2015; Cockayne et al., 2019; Hennig et al.,
2022), and calibration and emulation of computer models (Sacks et al., 1989; Kennedy and
O’Hagan, 2001; O’Hagan, 2006; Beck and Guillas, 2016; Gu et al., 2018), to name just a few.
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Figure 1. GP interpolation of a fractional Brownian motion with the Hurst parameter H = 0.2 (smoothness
I 4 a = 0.2) using the Brownian motion kernel (1.2) with three different scale parameters: o® = 1 (left),
0% = 62y = 4.752 given by the LOO-CV estimator (middle) and 0® = &%, = 3.729 obtained with the ML
estimator (right). In each figure, the red trajectory represents the path of the fractional Brownian motion, the
purple circles the training data, the blue curve the posterior mean my () and the green shade the 95 % credible

interval [my(z) — 1.960VEkn(z), mn(z) + 1.960V kN (x)].

GP regression estimates an unknown function f from its observations as follows. One first
defines a prior distribution for f as a GP by specifying its kernel (and mean function). Provided
N observations about f, one then derives the posterior distribution of f, which is another GP
with mean function mpy and kernel (or covariance function) ky. One can then predict the
function value f(x) at any input x by the posterior mean my(z) and quantify its uncertainty
using the posterior standard deviation vVky(z) = Vkn(z, ). Specifically, one can construct a
credible interval of f(x) as the interval [my(x) — avVky(z), my(x) + aVkyn(z)] for a constant
a > 0 (for example, a =~ 1.96 leads to the 95% credible interval). Such uncertainty estimates
constitute key ingredients in the above applications of GP regression.

For GP uncertainty estimates to be reliable, the posterior standard deviation vky(z)
should, ideally, decay at the same rate as the prediction error |my(z) — f(z)| decreases, with
the increase of sample size N. Otherwise, GP uncertainty estimates are either asymptotically
overconfident or underconfident. For example, if Vkyn(z) goes to 0 faster than the error
|mn(xz) — f(x)|, then the credible interval [my(z) — ay/kn(x), my(z) + aVky(x)] will not
contain the true value f(z) as N increases for any fixed constant o > 0 (asymptotically
overconfident). If Vkx(x) goes to 0 slower than the error |my(z) — f(x)|, then the confidence
interval [my(x) —avVkn(x), my(z)+aVky(z)] will get larger than the error [my(z) — f(x)| as
N increases (asymptotically underconfident). Both of these cases are not desirable in practice,
as GP credible intervals will not be accurate estimates of prediction errors.

Unfortunately, in general, the posterior standard deviation Vky(x) does not decay at the
same rate as the prediction error |f(z) — my(x)|, because, as is well-known, Vky(z) does
not depend on the true function f; see (2.1b) in Section 2.1. Exceptionally, if the function f
is a sample path of the GP prior (the well-specified case), GP uncertainty estimates can be
well-calibrated. However, in general, the unknown f is not exactly a sample path of the GP
prior (the misspecified case), and the posterior standard deviation v ky(z) does not scale with
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Figure 2. GP interpolation of an integrated fractional Brownian motion with the Hurst parameter H = 0.5
(smoothness | + o = 1.5) using the Brownian motion kernel (1.2) with three different scale parameters: o° = 1
(left), 0® = 6&y = 0.019 given by the LOO-CV estimator (middle) and o® = 65y, = 0.067 obtained with the ML
estimator (right). For the explanation of the figures, see the caption of Figure 1.

the prediction error |f(xz) — my(x)|. Figures 1 and 2 (the left panels) show examples where
the true function f is not a sample of the GP prior and where the GP uncertainty estimates
are not well-calibrated.

1.1. Scale Parameter Estimation. To obtain sensible uncertainty estimates, one thus
needs to adapt the posterior standard deviation vV ky(z) to the function f. One simple way to
achieve this is to introduce the scale parameter o> > 0 and parametrize the kernel as

ko(z,2') = o?k(z, 2),

where k is the original kernel. GP regression with this kernel k, yields the posterior mean
function my, which is not influenced by o2, and the posterior covariance function o2k, which
is scaled by o2. If one estimates o2 from observed data of f, the estimate 62 depends on f,
and so does the resulting posterior standard deviation 6vkn(x).

One approach to scale-parameter estimation is the method of mazimum likelihood (ML),
which optimizes ¢ to maximize the marginal likelihood of the GP (Rasmussen and Williams,
2006, Section 5.4). The ML approach is popular for general hyperparameter optimization in
GP regression. Another less common way in the GP literature is cross-validation (CV), which
optimizes 02 to maximize the average predictive likelihood with held out data (Sundararajan
and Keerthi, 2001). For either approach, the optimized scale parameter can be obtained
analytically in computational complexity O(N?). Figures 1 and 2 (middle and right panels)
demonstrate that both approaches yield uncertainty estimates better calibrated than the original
estimates without the scale parameter.

Do these scale parameter estimators lead to asymptotically well-calibrated uncertainty
estimates? To answer this question, one needs to understand their convergence properties as
the sample size N increases. Most existing theoretical works focus on the well-specified case
where there is a “true” scale parameter o3 such that the unknown f is a GP with the kernel o3k.
In this case, both the ML and CV estimators have been shown to be consistent in estimating
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the true 0'(2) (e.g., Ying, 1991; Zhang, 2004; Bachoc et al., 2017, 2020). However, in general, no
“true” scale parameter o3 exists such that the unknown f is a GP with the covariance o2k. In
such misspecified cases, not much is known about the convergence properties of both estimators.
Karvonen et al. (2020) analyze the ML estimator for the scale parameter, assuming that f is a
deterministic function. They derive upper bounds (and lower bounds in some cases) for the ML
estimator; see Wang (2021) for closely related work. To our knowledge, no theoretical work
exists for the CV estimator for the scale parameter in the misspecified case. Bachoc (2013)
and Petit et al. (2022) empirically compare the ML and CV estimators under different model

misspecification settings. We will review other related works in Section 1.3.

1.2. Contributions. This work studies the convergence properties of the ML and CV
estimators, &I%/[L and 6%\,, of the scale parameter o2 in GP regression, to understand whether
they lead to asymptotically well-calibrated uncertainty estimates. In particular, we provide the
first theoretical analysis of the CV estimator 6%\, when the GP prior is misspecified, and also
establish novel results for the ML estimator 61%/[L.

To facilitate the analysis, we focus on the following simplified setting. For a constant T" > 0,
let [0, 7] C R be the input domain. Let &k in (1.1) be the Brownian motion kernel

k(z,2') = min(z,2’) for x,2' €[0,T].

With this choice, a sample path of the GP prior has roughly a smoothness of 1/2 (in terms of
the differentiability; we will be more rigorous in later sections).

We assume that the true unknown function f has the smoothness [ 4+ «, where [ € {0} UN
and 0 < « < 1. The GP prior has well-specified smoothness if [ = 0 and @ = 1/2. Other
settings of | and « represent misspecified cases. If | = 0 and « < 1/2, the true function f is
rougher than the GP prior (Figure 1); if / =0 and o > 1/2 or [ > 1, the function f is smoother
than the GP prior. We focus on the noise-free setting where one observes the function values
f(z1),..., f(zy) at input points z1,...,zy € [0,T].

Our main results are new upper and lower bounds for the asymptotic rates of the CV
estimator 62y, and the ML estimator 63;; as N — oo (Section 4). The results suggest that
the CV estimator can yield asymptotically well-calibrated uncertainty estimates for a broader
class of functions f than the ML estimator; thus, the former has an advantage over the latter
(Section 5). More specifically, asymptotically well-calibrated uncertainty estimates may be
obtained with the CV estimator for the range 0 < [ + a < 3/2 of smoothness of the true
function, while this range becomes 0 < I 4+ a < 1 with the ML estimator and is narrower. This
finding is consistent with the example in Figure 2, where the true function has smoothness
[+« = 3/2 and is thus smoother than the GP prior. The uncertainty estimates of the CV
estimator appear to be well-calibrated, while those of the ML estimator are unnecessarily wide,
failing to adapt to the smoothness. Motivated by these insights, we propose a method called
interior cross-validation, and show it accommodates an even wider range of smoothness of the
true function than the CV estimator.

This paper is structured as follows. After reviewing related works in Subsection 1.3, we
introduce the necessary background on the ML and CV approaches to scale parameter estimation
for GP regression in Section 2. We describe the setting of the theoretical analysis in Section 3,
present our main results in Section 4, and discuss its consequences on uncertainty quantification
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in Section 5. We report simulation experiments in Section 6, conclude in Section 7, and present
proofs in Section 8.

1.3. Related work. We review here related theoretical works on hyper-parameter selection
in GP regression in the noiseless setting. We categorize them into two groups based on how
the true unknown function f is modelled: random and deterministic.

Random setting. One group of works models the ground truth f as a random function,
specifically as a GP. Most of these works model f as a GP with a Matérn-type kernel and analyze
the ML estimator. Under the assumption that the GP prior is correctly specified, asymptotic
properties of the ML estimator for the scale parameter and other parameters have been studied
(Stein, 1990; Ying, 1991, 1993; Loh and Kam, 2000; Zhang, 2004; Loh, 2005; Du et al., 2009;
Anderes, 2010; Wang and Loh, 2011; Kaufman and Shaby, 2013; Bevilacqua et al., 2019).
Recently Loh et al. (2021) and Loh and Sun (2023) have constructed consistent estimators of
various parameters for many commonly used kernels, including Matérns. Chen et al. (2021)
and Petit (2023) consider a periodic version of Matérn GPs, and show the consistency of the
ML estimator for its smoothness parameter. To our knowledge, the only existing theoretical
result for ML estimation of the scale parameter in the misspecified random setting considers
oversmoothing (Karvonen, 2021, Theorem 4.2). Oversmoothing refers to the situation where
the chosen kernel is smoother than the true function. In Subsection 4.2 (Theorem 4.6), we
provide a result for the undersmoothing case, which occurs when the chosen kernel is less
smooth than the true function.

In contrast, few theoretical works exist for the CV estimator. Bachoc et al. (2017) study
the leave-one-out (LOO) CV estimator for the Matérn-1/2 model (or the Laplace kernel) with
one-dimensional inputs, in which case the GP prior is an Ornstein—Uhlenbeck (OU) process.
Assuming the well-specified case where the true function is also an OU process, they prove the
consistency and asymptotic normality of the CV estimator for the microergodic parameter in
the fixed-domain asymptotic setting. Bachoc (2018) and Bachoc et al. (2020) discuss another
CV estimator that uses the mean square prediction error as the scoring criterion of CV (thus
different from the one discussed here) in the increasing-domain asymptotics. Bachoc (2013) and
Petit et al. (2022) perform empirical comparisons of the ML and CV estimators under different
model misspecification settings. Thus, to our knowledge, no theoretical result exists for the
CV estimator of the scale parameter in the random misspecified setting, which we provide in
Subsection 4.2 (Theorem 4.5).

Deterministic setting. Another line of research assumes that the ground truth f is a fixed
function belonging to a specific function space (Stein, 1993). Xu and Stein (2017) assumed
that the ground truth f is a monomial on [0, 1] and proved some asymptotic results for the ML
estimator when the kernel k is Gaussian. As mentioned earlier, Karvonen et al. (2020) proved
asymptotic upper (and, in certain cases, also lower) bounds on the ML estimator &I%AL of the
scale parameter o0%; see Wang (2021) for a closely related work. Karvonen (2023) has studied
the ML and LOO-CV estimators for the smoothness parameter in the Matérn model; see also
Petit (2023). Ben Salem et al. (2019) and Karvonen and Oates (2023) proved non-asymptotic
results on the length-scale parameter in the Matérn and related models. Thus, there has been
no work for the CV estimator of the scale parameter o2 in the deterministic setting, which we
provide in Section 4.1 (Theorem 4.1); we also prove a corresponding result for the ML estimator
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(Theorem 4.2).

2. Background. This section briefly reviews GP regression and the ML and LOO-CV
estimators of kernel parameters.

2.1. Gaussian process regression. We first explain GP regression (or interpolation). Let
Q be a set, and f: 2 — R be an unknown function of interest. Suppose one observes N
function values f(z1),..., f(xx) at pairwise distinct input points z1,...,zxy € Q. The task
here is to estimate f based on the data (x, f(x)), where f(x) == [f(21),..., f(zn)]" € RY and
X = [r1,...,2n]" € QV.

In GP regression, one first defines a prior distribution of the unknown f as a GP by
specifying its mean function m: @ — R and covariance function (kernel) k: Q x  — R; we
may write f ~ GP(m, k) to indicate this. Conditioned on the data (x, f(x)), the posterior
distribution of f is again a GP whose mean function my : £ — R and covariance function
kn : Q x Q — R are given by

(2.1a) my(z) = m(z) + k(z,x) Tk(x,x) " (f(x) —m(x)), z€Q,
(2.1b) kn(z,2') = k(z, ') — k(z,x) Tk(x,x) k(2 x), =2 €Q,
where m(x) = [m(x1),...,m(zn)]" € RN and k(z,x) == [k(z,z1),...,k(z,zx)]" € RY, and
k(z1,z1) ... k(z,zN)
k(x,x) = : : e RVXN
k(zn,z1) ... k(zn,zN)

is the Gram matrix. Throughout this paper, we assume that the points x are such that the
Gram matrix is non-singular. For notational simplicity, we may write the posterior variance as

kn(z) = kn(z,x), z€Q.

For simplicity and as commonly done, we henceforth assume that the prior mean function m is
the zero function, m(-) = 0.

While the GP prior assumes that the unknown function f is a sample path of the GP with
the specified kernel k, this assumption does not hold in general, i.e., model misspecification
occurs. In this case, as described in Figures 1 and 2 (left), the posterior standard deviation
VEkn(z), which is supposed to quantify the uncertainty of the unknown function value f(x),
may not be well calibrated with the prediction error |my(z) — f(z)|. One could address this
issue by selecting the kernel k or its parameters from the data (x, f(x)); we will explain this
topic next.

2.2. Kernel parameter estimation. The selection of the kernel k is typically performed
by defining a parametric family of kernels {kg}oco and selecting the parameter 6 based on an
appropriate criterion. Here © is a parameter set, and kg : {2 x @ — R for each 6 € © is a kernel.

Maximum likelihood (ML) estimation. The ML estimator maximises the log-likelihood of the
GP f with kernel kg under the data (x, f(x)):

1

logp(f(x)|x,60) = D) <f(x)Tk9(x, x)"Lf(x) + log det kg (x, x) + nlog(27r)>,
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where det kp(x, x) is the determinant of the Gram matrix ky(x,x) (see, e.g., Rasmussen and
Williams 2006, Section 5.4.1). With the additive terms that do not depend on 6 removed from
log p(f(x)|x,0), this is equivalent to minimising the loss function

Ly (0) == f(x) ko(x,x) 7" f(x) + log det kg (x, %).

In general, Ly, (f) may not have a unique minimiser, so that any ML estimator satisfies

NTR= arg min Ly, (0).
0cO
Leave-one-out cross-validation (LOO-CV). The LOO-CV estimator (e.g., Rasmussen and
Williams, 2006, Section 5.4.2), which we may simply call the CV estimator, is an alternative to
the ML estimator. It maximizes the average log-predictive likelihood

N
Z logp(f(l“n) | Ty X\ns f(X\n)v 9)
n=1

with held-out data (zn, f(2n)), where n = 1,..., N, based on the data (x\,, f(x\,)), where
X\p, denotes the input points with x, removed:

T N-1
X\TL:[xh"'?x?’b—hwn-l-l""7'7;]\/] €l .

Let myg\,, and kg, denote the posterior mean and covariance functions of GP regression
with the kernel kg and the data (x\,, f(x\,). Because each p(f(zn)|zn,X\n, f(X\n),0) is
the Gaussian density of f(z,) with mean my\,(7,) and variance kg \,(zn) = kg\n(Tn, Tn),
removing additive terms that do not depend on 6 and reversing the sign in (2.2) yields the
following CV objective function:

N —m, Tn 2
Covio = 32 )

+ log k97\n(a:n).

n=1

The CV estimator is then defined as its minimizer:

Ocy € arg min Lcv(0).
0eO
As for the ML estimator, the CV objective function and its first-order gradients can be computed
in closed form in O(N?3) time (Sundararajan and Keerthi, 2001).

Scale parameter estimation. As explained in Section 1, we consider the family of kernels
ko(x,2") == o?k(x,2") parametrized with the scale parameter o> > 0, where k is a fixed
kernel, and study the estimation of o2 using the CV and ML estimators, denoted as 6%\,
and Efde, respectively. In this case, both (}f/IL and &%V can be derived in closed form by
differentiating (2.2) and (2.2).

Let m,_1 and k,_1 be the posterior mean and variance functions of GP regression using
the kernel k£ and the first n — 1 training observations (z1, f(z1)),..., (n—1, f(xn—1)). Let
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mo(-) == 0 and ko(x,z) = k(x,z). Then the ML estimator is given by

o TR T () 1 s [f () — mai (2)]
o, = N N Z k:n_l(xnl) )

n=1

This expression of the ML estimator is relatively well known; see e.g. Section 4.2.2 in Xu and
Stein (2017) or Proposition 7.5 in Karvonen and Oates (2023).
On the other hand, the CV estimator 62y is given by

N — i, ()]
22 ooy = %Z 4 n)k?\n(:v:;( J ’

n=1

where my,, and k,, are the posterior mean and covariance functions of GP regression using the
kernel k and data (x\,, f(x\,)) With (2, f(z,)) removed:

m\n(x) = k(x\nvx)Tk(X\mX\n)_lf(X\n),
(2, ) =k(z,2') — k(x\n,x)Tk(x\mx\n)_lk(x\n,x').

Notice the similarity between the two expressions (2.2) and (2.2). The difference is that the
ML estimator uses k,,—1 and m,,_1, which are based on the first n—1 training observations, while
the CV estimator uses k,, and m,,, obtained with N — 1 observations, for each n =1,..., N.
Therefore, the CV estimator uses all the data points more evenly than the ML estimator. This
difference may be the source of the difference in their asymptotic properties established later.

Remark 2.1. As suggested by the similarity between (2.2) and (2.2), there is a deeper
connection between ML and CV estimators in general. For instance, Fong and Holmes (2020,
Proposition 2) have shown that the Bayesian marginal likelihood equals the average of leave-p-
out CV scores. We prove this result for the special case of scale parameter estimation in GP
regression in Appendix A. Another notable example is the work in Ginsbourger and Schérer
(2021), where the authors showed that, when corrected for the covariance of residuals, the CV
estimator of the scale parameter reverts to MLE.

3. Setting. This section describes the settings and tools for our theoretical analysis: the
Brownian motion kernel in Section 3.1; sequences of partitions in Section 3.2; the Holder class
of functions in Section 3.3; fractional Brownian motion in Section 3.4; and functions of finite
quadratic variation in Section 3.5.

3.1. Brownian motion kernel. As explained in Section 1, for the kernel k we focus on the
Brownian motion kernel on the domain © = [0, T for some T' > 0:

k(z,2") = min(z, z').

The resulting kernel k,(x,z’) = 0%k(x,z') induces a Brownian motion prior for GP regression.
We assume that the input points x = [z1,...z N]T for GP regression are positive and
ordered:

O<ri << - <any<T.
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The positivity ensures that the Gram matrix (2.1) is non-singular; the proof is given in Subsec-
tion 8.1.

As is well known (see, for instance, Diaconis, 1988, Example 1) and can be seen in Figures
1 and 2, the posterior mean function my in (2.1) using the Brownian motion kernel becomes
the piecewise linear interpolant of the observations (x, f(x)). See (8.1) and (8.1) in Section 8.1
for the proof and explicit expressions of the posterior mean and covariance functions.

3.2. Sequences of partitions. For our asymptotic analysis, we assume that the input
points z1,...,zn € [0,T] cover the domain [0, 7] more densely as the sample size N increases.
To make the dependence on the size N explicit, we write Py = (zn,)2_; C [0,7] as a point
set of size IV, and assume that they are ordered as

0:233N’0<x]\[71<SUN’2<"'<$N,N:T

Then Py defines a partition of [0, 7] into N subintervals [xy .y, N n+1]. When there is no risk
of confusion, we may write x,, instead of xy , for simplicity. Note that we do not require the
nesting Py C Pn41 of partitions.

We define the mesh size of partition Py as the longest subinterval in the partition:

Pn| = a —
IPNI= ey, (BNt = Zhn)

The decay rate of the mesh size |Py|| quantifies how quickly the points in Py cover the interval
[0, 7). In particular, the decay rate Py = O(N ') implies that the length of every subinterval is
asymptotically upper bounded by 1/N. At the same time, if each subinterval is asymptotically
lower bounded by 1/N, we call the sequence of partitions (Px)nen quasi-uniform, more formally
defined in Wendland (2005, Definition 4.6) as follows.

Definition 3.1. For each N € N, let Py = (asz)nN:l C [0,T]. Define Axny = TNnt+1 —
N n. Then the sequence of partitions (Pn)nen is called quasi-uniform if there exists a constant
1 < Cqu < 00 such that

max, Az,
sup ———————

=C
. qu-
NeN min, Azy .,

Quasi-uniformity, as defined here, requires that the ratio of the longest subinterval,
max, ATy, to the shortest one, min, Azy , is upper-bounded by Cy, for all N € N. Since
min, Azy, <TN ~1 and max, Azny, > TN ~1 for any partition of [0, 7], quasi-uniformity
implies that all subintervals are asymptotically upper and lower bounded by 1/N, as we have,
for all N € N and ng € {0,...,N — 1},

TN

qu

<minAzy, < Arn gy, <maxAxy, < TCquN_l.
n n

Therefore, quasi-uniform sequences of partitions are space-filling designs that cover the space “al-
most” uniformly. Trivially, equally-spaced points (or uniform grids) satisfy the quasi-uniformity
with Cqu = 1. Wenzel et al. (2021) showed that points chosen sequentially to minimise GP
posterior variance for a Sobolev kernel are quasi-uniform. We refer to Wynne et al. (2021, p. 6)
for further examples and a discussion on quasi-uniformity.



10 M. NASLIDNYK, M. KANAGAWA, T. KARVONEN, AND M. MAHSERECI

3.3. Holder spaces. Subsection 4.1 studies the deterministic setting where the true un-
known function f is assumed to belong to a Holder space of functions. To define this space, we
first need the following definition.

Definition 3.2. For 0 < a < 1, a function f : [0,T] — R is a-Hdélder continuous if there
exists a constant L > 0 such that, for all z,x’ € [0,T],

[f(2) = f(&)] < Lz — 2|7

Any such constant L is called a Holder constant of f.

For I € NU {0}, denote by C*([0,T]) the space of functions f: [0,7] — R such that the [*}
derivative f () exists and is continuous. For [ = 0, this is the space of continuous functions.
Holder spaces are now defined as follows.

Definition 3.3. Let I € NU{0} and 0 < o < 1. The Hélder space C*([0,T]) consists of
functions f € C'([0,T]) whose I"™ derivative fO is a-Hélder continuous.

Intuitively, [ + o represents the smoothness of least-smooth functions in C%*([0, T]). It is
well known that a sample path of Brownian motion is almost surely a-Hdélder continuous if
and only if o < 1/2 (e.g., Morters and Peres, 2010, Corollary 1.20), and thus it belongs to the
Holder space C4*([0,T]) with [ = 0 and a = 1/2 — ¢ almost surely for arbitrarily small € > 0;
in this sense, the smoothness of a Brownian motion is 1/2. As such, as is well known (e.g.,
Moérters and Peres, 2010, Theorem 1.27), a Brownian motion is almost nowhere differentiable
almost surely.

Note that we have the following strict inclusions:

o Cle1([0,T)) € C22([0,T)) if (a) 11 > Iz or (b) I; = I3 and a1 > as,
o CH([0,T]) € CH ([0, 7).

1

3.4. Fractional Brownian motion. Subsection 4.2 considers the random setting where f is
a fractional (or integrated fractional) Brownian motion (see Mandelbrot (e.g., 1982, Chapter
IX)). Examples of these processes can be seen in Figures 1, 2, 5 and 6.

A fractional Brownian motion on [0,7] with Hurst parameter 0 < H < 1 is a Gaussian
process whose kernel is given by

ko (z,a') = (|2 + |2/ — |z — |*1) /2.

Note that if H = 1/2, this is the Brownian motion kernel: kg ;/o(z,2") = min(x,2"). The
Hurst parameter H quantifies the smoothness of the fractional Brownian motion. If frgy ~
GP(0,ko ) for H € (0,1), then frpm € C9H=¢([0,T]) almost surely for arbitrarily small € > 0
(e.g., Nourdin, 2012, Proposition 1.6).2

'These inclusions follow from the following facts: By the definition of Hoélder continuity, an o;-Holder
continuous function is as-Hoélder continuous if a1 > awe; continuously differentiable functions are a-Holder
continuous for any 0 < a < 1; not all Lipschitz functions are differentiable.

*That frem ¢ C*7([0,T]) almost surely for frpm ~ GP(0,ko,n) with H € (0,1) is a straightforward
corollary of, for example, Theorem 3.2 in Wang (2007).
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An integrated Brownian motion with Hurst parameter H is defined via the integration of a
fractional Brownian motion with the same Hurst parameter: if frgm ~ GP(0, ko, i), then

firMm(2) = /O“? frBm(2)dz, € [0,7]

is an integrated Brownian motion with Hurst parameter H. It is a zero-mean GP with the
kernel

z  rx’
ki p(z,2") = / / (|22 + |22 — |2 = 2/ PP /2dzd2’
o Jo
1

.%'/$2H+1 + .ZU(33,)2H+1

_2(2H+U<
1

B 2H42 N2H+2 (. 12HA+2
72(H+1)[l‘ + (2") | — 2’| ])

Because differentiating an integrated fractional Brownian motion firpm ~ GP(0, k1 ) yields
a fractional Brownian motion frpm ~ GP(0,ko ), a sample path of the former satisfies
firm € CHH=¢(]0,T]) almost surely for arbitrarily small € > 0; therefore the smoothness of
firBM is 1+ H.

3.5. Functions of finite quadratic variation. Some of our asymptotic results use the
notion of functions of finite quadratic variation, defined below.

Definition 3.4. For each N € N, let Py = (zn.,)N_; C [0,T], and suppose that | Px| — 0
as N — oo. Then a function f :[0,T] — R is defined to have finite quadratic variation with
respect to P = (Pn)nNen, if the limit

N-1

VA(f) = lim 37 [fanan) = flana)]”
n=0

exists and is finite. We write V2(f, P) when it is necessary to indicate the sequence of partitions.

Quadratic variation is defined for a specific sequence of partitions (Py)nen and may take
different values for different sequences of partitions (Morters and Peres, 2010, Remark 1.36).
For conditions that guarantee the invariance of quadratic variation on the sequence of partitions,
see, for instance, Cont and Bas (2023). Note also that the notion of quadratic variation differs
from that of p-variation for p = 2, which is defined as the supremum over all possible sequences
of partitions whose mesh sizes tend to zero.

If f € C%([0,T)) with a > 1/2 and ||Py|| = O(N~!) as N — oo, then we have V2(f) = 0,
because in this case

N-1
> [f@nnen) = flann)]® < NI max(Azy,)** = O(N'72) = 0

n=0

as N — oo. Therefore, given the inclusion properties of Holder spaces (see Section 3.3), we
arrive at the following standard proposition.
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Proposition 3.5. Suppose that the partitions (Py)nen are such that |Py| = O(N~Y). If
feCh([0,T)) for 1+ >1/2, then V3(f) = 0.

If the mesh size tends to zero faster than 1/log N, in that ||Py|| = o(1/log N), then the
quadratic variation of almost every sample path of the Brownian motion on the interval [0, 7]

equals T (Dudley, 1973). This is of course true for partitions which have the faster decay
[Pl = O

4. Main results. This section presents our main results on the asymptotic properties of
the CV and ML estimators, &%V and 61%/&, for the scale parameter. Subsection 4.1 considers
the deterministic setting where the true function f is fixed and assumed to belong to a Holder
space. Subsection 4.2 studies the random setting where f is an (integrated) fractional Brownian
motion. In Subsection 4.3, we use the insights obtained in the proofs for the deterministic and
random settings to propose a interior cross-validation (ICV) estimator, and show its asymptotic
properties are an improvement on those of CV and ML estimators.

4.1. Deterministic setting. We present our main results for the deterministic case where
the true function f is fixed and assumed to be in a Hélder space C4([0,T]). Theorem 4.1
below provides asymptotic upper bounds on the CV estimator &%V for different values of the
smoothness parameters [ and « of the Holder space.

Theorem 4.1 (Rate of CV decay in Holder spaces).  Suppose that f is an element of
Ch([0,T]), with I > 0 and 0 < « < 1, such that f(0) = 0, and the interval partitions
(Pn)nen have bounded mesh sizes |[Py|| = O(N~Y) as N — oo. Then

O (N172) if 1=0,

(
62 = O(N'-min{20+e)8)y — (N71720) i I=1anda<1/2,
o (N72) if l=1anda>1/2,
(

N72) if 1>2

Proof. See Section 8.2. [ |

Theorem 4.2 below is a corresponding result for the ML estimator &y . Note that a similar
result has been obtained by Karvonen et al. (2020, Proposition 4.5), where the function f is
assumed to belong to a Sobolev space and the kernel is a Matérn-type kernel. Theorem 4.2 is
a version of this result where f is in a Holder space and the kernel is the Brownian motion
kernel; we provide it for completeness and ease of comparison.

Theorem 4.2 (Rate of ML decay in Holder spaces). Suppose that f is a non-zero element of
Ch([0,T)), with 1 >0 and 0 < a < 1, such that f(0) =0, and the interval partitions (Pn)nen
have bounded mesh sizes |Py|| = O(N~!) as N — co. Then

N —min @ O (N2 Zf [ = 0,
Ul%/IL _ O(Nl {20+ ),2}) _ ( 3 ) ’
G (N ) if 1>1.
Proof. See Section 8.2. The proof is similar to that of Theorem 4.1. |

Figure 3 summarises the rates of Theorems 4.1 and 4.2. When [+ a < 1 (or [ = 0 and
a < 1), the rates of 62y and 63 are O(N'72%), so both of them may decay (or grow, for
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______________________ v T TR, fovit- NIRRT
a=0 a:|1/2
o O(N1-2) (N
5oy O(N1-2) O(N-1=22) | O(N~?)
Oy O(N1~2) O(N—172)

Figure 3. Rates of decay for the ML, CV and ICV estimators from Theorems 4.1, 4.2, and 4.8. Observe
that the C'V estimator’s range of adaptation to the smoothness | + « is wider than the ML estimator’s, and the
ICV estimator’s range of adaptation is wider than that for both the CV and ML estimators.

[+ a < 1/2) adaptively to the smoothness [ + « of the function f. However, when [ + a > 1,
the situation is different: the decay rate of 63 is always ©(N 1) and thus insensitive to «,
while that of 62y, is (N~'72%) for [ = 1 and « € (0,1/2]. Therefore the CV estimator may be
adaptive to a broader range of the smoothness 0 < [ + a < 3/2 of the function f than the ML
estimator (whose range of adaptation is 0 < [+ a < 1).

Note that Theorems 4.1 and 4.2 provide asymptotic upper bounds (except for the case [ > 1
of Theorem 4.2) and may not be tight if the function f is smoother than “typical” functions in
Ch([0,T)).% In Subsection 4.2, we show that the bounds are indeed tight in expectation if f
is a fractional (or integrated fractional) Brownian motion with smoothness [ + a.

In the deterministic setting, a potential approach for obtaining a matching lower bound
could use the rate of decay of the Fourier coefficients as a notion of smoothness, instead of the
Holder smoothness condition on the function f. Certain self-similarity conditions based on the
decay rate and behaviour of Fourier coefficients are routinely used to study coverage of Bayesian
credible sets (e.g., Szabo et al., 2015; Hadji and Szabo, 2021) as they define classes of functions
that cannot “deceive” parameter estimators. Motivated by this, we attempted to adapt the
argument in Sniekers and van der Vaart (2015, Section 4.2) and Sniekers and van der Vaart
(2020, Section 10) to derive a matching lower bound under a self-similarity assumption on the
Fourier coefficients. However, the bounds obtained through this approach proved sub-optimal
in our setting. A different technique may therefore be required.

Remark 4.3. The proof of Theorem 4.2 shows that for | = 1 we have 63;; = O(N 1)
whenever [|Py|| — 0 as N — oo. More precisely, it establishes that

T
Névr, = 1| z2om) 1=/0 fl(z)?dz  as N — oco.

Note that the £2(]0, 7]) norm of f’ in the right hand side equals the norm of f in the reproducing
kernel Hilbert space of the Brownian motion kernel (e.g., van der Vaart and van Zanten, 2008,
Section 10) Therefore, this fact is consistent with a similar more general statement in Karvonen

3For example, if f(x) = |z — 1/2| with T = 1, we have f € C%'([0,T]), as f is Lipschitz continuous in this
case. However, f is almost everywhere infinitely differentiable except at one point x = 1/2, so it is, in this sense,
much smoother than “typical” functions in C°*([0, T).
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et al. (2020, Proposition 3.1).

In addition to the above results, Theorem 4.4 below shows the limit of the CV estimator
(}%V if the true function f is of finite quadratic variation.

Theorem 4.4. For each N € N, let Py C [0,T] be the equally-spaced partition of size N.
Suppose that f : [0,T] — R has finite quadratic variation V*(f) with respect to (Pn)Nen,
f(0) =0, and f is continuous on the boundary, i.e., lim, .o+ f(z) = f(0) and lim,_,;— f(z) =
f(T). Moreover, suppose that the quadratic variation V2(f) remains the same for all sequences
of quasi-uniform partitions with constant Cq, = 2.4 Then

V2(f)
lim 63y = :
NEPOOO-CV T

Proof. See Subsection 8.2. |

For the ML estimator 63, it is straightforward to obtain a similar result by using (3.2)
and (8.1) in Section 8.1: Under the same conditions as Theorem 4.4, we have

V2(f)
lim 62, = )
Nohso TML = Tp

Theorem 4.4 and (4.1) are consistent with Theorems 4.1 and 4.2, which assume f €
Cb([0,T]) with I + a > 1/2 and imply 62y — 0 and 63, — 0 as N — co. As summarized
in Proposition 3.5, we have V(f) = 0 for f € C*([0,T]) with [ + a > 1/2, so Theorem 4.4
and (4.1) imply that 62, = 0 and 6%;;, — 0 as N — oo.

When f is a Brownian motion, in which case the Brownian motion prior is well-specified, the
smoothness of f is | + a = 1/2, and the quadratic variation V' (f) becomes a positive constant
(Dudley, 1973). Proposition 4.7 in the next subsection shows that this fact, Theorem 4.4, and
(4.1) lead to the consistency of the ML and CV estimators in the well-specified setting.

4.2. Random setting. In Subsection 4.1, we obtained asymptotic upper bounds on the CV
and ML scale estimators when the true function f is a fixed function in a Hélder space. This
section shows that these asymptotic bounds are tight in expectation when f is a fractional (or
integrated fractional) Brownian motion.

That is, we consider the asymptotics of the expectations E(}%V and E&l%/m under the
assumption that f ~ GP(0,k; i), where ki is the kernel of a fractional Brownian motion
(3.4) for [ = 0 or that of an integrated fractional Brownian motion (3.1) for I = 1, with
0 < H < 1 being the Hurst parameter. Recall that f ~ GP(0, k; i) belongs to the Holder space
CH1=£(]0,T]) almost surely for arbitrarily small € > 0, so its smoothness is [ + H. Figure 4
summarises the obtained upper and lower rates, corroborating the upper rates in Figure 3.

Theorems 4.5 and 4.6 below establish the asymptotic upper and lower bounds for the CV
and ML estimators, respectively.

Theorem 4.5 (Expected CV rate for fractional Brownian motion). Suppose that (Pn)nen are

4In Appendix B, we discuss the relaxation of this requirement.
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quasi-uniform and f ~ GP(0,k; i) with 1 € {0,1} and 0 < H < 1. Then

O (N'=2H)  if 1=0and H € (0,1),
E62y = @(lemin{2(l+H),3}) =10 (N—1—2H) if 1=1and H<1/2,
O (N7?) if 1=1and H>1/2.

Proof. See Section 8.3. u

Theorem 4.6 (Expected ML rate for fractional Brownian motion). Suppose that (Pn)nen are
quast-uniform and f ~ GP(0,k; ) with 1 € {0,1} and 0 < H < 1. Then

1-2H ; —
Ea—l%/[L _ @(Nl—min{Q(l—l-H),Q}) — S (N ) Zf l=0and H € (07 1)a
O (N if 1l=1andH €(0,1).

Proof. See Section 8.3. The proof is similar to that of Theorem 4.5. |

Theorems 4.5 and 4.6 show that the CV estimator is adaptive to the unknown smoothness
[+ H of the function f for a broader range 0 < [+ H < 3/2 than the ML estimator, whose range
of adaptation is 0 < [+ H < 1. These results imply that the CV estimator can be asymptotically
well-calibrated for a broader range of unknown smoothness than the ML estimator, as discussed
in Section 5.

When the smoothness of f is less than 1/2, i.e., when [ + H < 1/2, the Brownian motion
prior, whose smoothness is 1/2, is smoother than f. In this case, the expected rates of 6'(23\,
and &I%/[L are © (N 1-2H ) and increase as N increases. The increase of &%v and &I%/IL can be

interpreted as compensating the overconfidence of the posterior standard deviation vVky(z),
which decays too fast to be asymptotically well-calibrated. This interpretation agrees with the
illustration in Figure 1.

On the other hand, when [+ H > 1/2, the function f is smoother than the Brownian motion
prior. In this case, c}%v and 6’1%/& decrease as IV increases, compensating the under-confidence
of the posterior standard deviation vky(z). See Figure 2 for an illustration.

When [ + H = 1/2, this is the well-specified case in that the smoothness of f matches
the Brownian motion prior. In this case, Theorems 4.5 and 4.6 yield E&%V = ©(1) and
E&%AL = O(1), i.e., when the CV and ML estimators converge, they converge to a positive
constant. The following proposition, which follows from Theorem 4.4 and (4.1), shows that
this limiting constant is the true value of the scale parameter 08 in the well-specified setting
f ~ GP(0,03k), recovering similar results in the literature (e.g., Bachoc et al., 2017, Theorem
2).

Proposition 4.7. Suppose that f ~ GP(0,03k) for oo > 0 and that partitions (Pn)nen are
equally-spaced. Then

lim 68y = lim 6%, =08  almost surely.
N—ro0 N—o0

Proof. Since the quadratic variation of almost all sample paths of the unscaled (i.e., og = 1)
Brownian motion on [0, 7] equals 7' (Dudley, 1973), the claim follows from (4.4) and (4.1). W
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...................... L= e =
H=0 H_|1/2
Ea.f/m @(N1—2H) @(N_l)
Eécy O(N' =) O(NTI=2) | O(N?)
Eol, ov27) T

Figure 4. FEaxpected decay rates for the ML, CV and ICV estimators from Theorems 4.5, 4.6, and 4.9.
Observe that the CV estimator’s range of adaptation to the smoothness | + H is wider than the ML estimator’s,
and the ICV estimator’s range of adaptation is wider than that for both the C'V and ML estimators.

In Section 5, we discuss the implications of the obtained asymptotic rates of c}%v and 61%/&
on the reliability of the resulting GP uncertainty estimates. But first, motivated by the results
in Theorem 4.1 and Theorem 4.5, we propose a modification to the cross-validation procedure
that may have better asymptotic properties than the CV estimator.

4.3. Interior cross-validation estimators. The proofs of Theorems 4.1 and 4.5 show that
when [ = 1 and a € (1/2, 1], the bound on 62, is dominated by the bound on what we call the
boundary terms. These are the terms corresponding to n =1 and n = N in (2.2); see also (10).
That the boundary terms dominate is unsurprising since prediction at boundary points is
a more challenging task than prediction at the interior. Motivated by this observation, we
propose an alternative estimation method called interior cross validation (ICV) that maximises

N-1

Z 10gp(f(l‘n) | Ly X\n, f(x\n)7 9)

n=2

The corresponding scale parameter estimator is

. 1= [fzn) —mp(za)])”
Gy =N 2T k()

With the boundary points removed, the estimator’s range of adaptation to the smoothness of
the true function is greater than that for the CV estimator, as illustrated in Figure 3 for the
deterministic setting and Figure 4 for the random setting. We present formal results for the
deterministic and the random settings in the following theorems.

Theorem 4.8 (Rate of ICV decay in Hdlder spaces).  Suppose that f is an element of
Che([0,T)), with 1 >0 and 0 < a < 1, such that f(0) =0, and the interval partitions (Pn)nen
have bounded mesh sizes |Py|| = O(N™') as N — oco. Then

O (N2} 4f =0,
6-[20\] — O(Nl—min{2(l+a),4}) — O (N7172a) Zf l =1,
O(N73) if 1>2.
Proof. See Section 8.4. |
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Theorem 4.9 (Expected ICV rate for fractional Brownian motion). Suppose that (Pn)neN
are quasi-uniform and f ~ GP(0,k; m) with 1 € {0,1} and 0 < H < 1. Then

O (N1-2H) if 1=0,
O (NI yf =1
Proof. See Section 8.4. [ |

Eﬁ%cv _ @(lemin{2(l+H),4}) _ {

One may take this idea further. For the Brownian motion kernel, an estimator that does
not attempt to predict on points “close enough” to the boundary,

N—N, 2
5’2 N l 0 [f(‘rn) - m\n(xn)]
iov[No] = n;\fo kyn ()

for some fixed Np, has the same range of adaptation as 67y, = 67y [1], the estimator that only
ignores the points on the boundary. However, for smoother kernels like fractional Brownian
motion (iIFBM) and the Matérn family, 67,[No] may exhibit adaptation beyond the level I = 2.
The number of boundary points Ny to remove would likely depend on the smoothness of the
kernel. Investigating model-dependent cross-validation estimators that discard a proportion of
boundary points would be an interesting direction for future work.

5. Consequences for credible intervals. This section discusses whether the estimated
scale parameter, given by the CV or ML estimator, leads to asymptotically well-calibrated
credible intervals. With the kernel 62k(z, 2'), where 62 = &%V or 62 = 61%@, a GP credible
interval at = € [0,77] is given by

[my(x) — ad\/kn(z), mpy(x)+ ad\/kn(z)]

where a > 0 is a constant (e.g., & ~ 1.96 leads to the 95% credible interval).
As discussed in Section 1, this credible interval (5) is asymptotically well-calibrated, if it
shrinks to 0 at the same speed as the decay of the error |my(z) — f(z)| as N increases, i.e.,

the ratio
|f(z) — mn ()]

o \/ k N (33)

should neither diverge to infinity nor converge to 0. If this ratio diverges to infinity, the
credible interval (5) is asymptotically overconfident, in that (5) shrinks to 0 faster than the
actual error |f(z) — my(z)|. If the ratio converges to 0, the credible interval is asymptotically
underconfident, as it increasingly overestimates the actual error. Therefore, the ratio (5) should
ideally converge to a positive constant for the credible interval (5) to be reliable.

For ease of analysis, we focus on the random setting in Section 4.2 where f is a fractional
(or integrated fractional) Brownian motion and where we obtained asymptotic upper and lower
bounds for E&%V and Eal%/IL' We study how the expectation of the posterior variance E62ky ()
scales with the expected squared error E[f(x) — my(z)]?. Specifically, we analyze their ratio

A2 _ A2 A2 A2
for 6° = 6¢v and 6% = o3y

E[f(z) — my ()]
E62kn ()

B[/ (x) — m (0)]*

RE N) =
cv(z, N) E&2, k(1)

and Ry (z,N) =
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The ratio diverging to infinity (resp. converging to 0) as N — oo suggests that the credible
interval (5) is asymptotically overconfident (resp. underconfident) for a non-zero probability of
the realisation of f. Thus ideally, the ratio should converge to a positive constant.

Theorem 5.1 below establishes the asymptotic rates of the ratios in (5).

Theorem 5.1. Suppose that (Pn)nen are quasi-uniform and f ~ GP(0,k; ) for 1 € {0,1}
and 0 < H < 1. Then,

O(1) if 1=0and H € (0,1),

sup REy(z,N) =14 ©(1) if 1=1andH € (0,1/2),

z€[0,T] O (N'2H) if 1=1and H € (1/2,1),

and
o(1 iof 1=0and H € (0,1),
swp By (e, Ny =3 O P
z€[0,T] O (N2H) if 1=1andH € (0,1).
Proof. See Subsection 8.5. |

We have the following observations from Theorem 5.1, which suggest an advantage of the
CV estimator over the ML estimator for uncertainty quantification:
e The ratio for the CV estimator neither diverges to infinity nor decays to 0 in the range
0 <!+ H < 3/2, which is broader than that of the ML estimator, 0 < [ + H < 1. This
observation suggests that the CV estimator can yield asymptotically well-calibrated
credible intervals for a broader range of the unknown smoothness [ + H of the function
f than the ML estimator.
e The ratio decays to 0 for the CV estimator in the range 3/2 < [+ H < 2 and for the
ML estimator in the range 1 < [ + H < 2. Therefore, the ML estimator may yield
asymptotically underconfident credible intervals for a broader range of the smoothness
[ + H than the CV estimator.
Moreover, for the interior CV estimator introduced in Subsection 4.3, it immediately follows
from the proof in Subsection 8.5 that

sup Rioy(z,N) =

©(1) if I=0and H € (0,1),
z€[0,T]

©(1) if I=1and H €(0,1),

which implies the ICV estimator can yield asymptotically well-calibrated credible intervals for
a broader range of the smoothness than either the CV or the ML estimator.

6. Experiments. This section describes numerical experiments to substantiate the theoret-
ical results in Section 4. We define test functions in Subsection 6.1, show empirical asymptotic
results for the CV estimator in Subsection 6.2, and report comparisons between the CV and
ML estimators in Subsection 6.3.

To this end, for a continuous function f, define I[f] € NU {0} and « € (0, 1] as

I[f] :=sup{l e NU{0}: f € CY([0,T])}, «lf] :=sup{a € (0,1]: f € C'Fle (0, T]}.
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Then, for arbitrarily small e; € N and €2 > 0, we have

fe CmaX(l[f]—ffl:O)va[f}—ez([07T]) and f ¢ Cl[f]+€17a[f]+62([07T])‘

In this sense, [[f] and «[f] characterize the smoothness of f.

6.1. Test functions. We generate test functions f : [0, 1] — R as sample paths of stochastic
processes with varying degrees of smoothness, as defined below. The left columns of Figures 5
and 6 show samples of these functions.

e To generate nowhere differentiable test functions, we use the Brownian motion (BM),
the Ornstein—Uhlenbeck process (OU), and the fractional Brownian motion (FBM?)
which are zero-mean GPs with kernels

kpm(z,2') = min(z,2'),  kou(z,2’) = (e Mo~ — e7A+al)) /g,

kepm(z,2') = (2?7 + |22 — |z — 2/)2H) /2,

where A > 0 and 0 < H < 1 is the Hurst parameter (recall that the FBM = BM if
H =1/2). We set A =0.2 in the experiments below. Almost all samples f from these
processes satisfy [[f] = 0. For BM and OU we have «[f] = 1/2 and for FBM «o[f] = H
(see Subsection 3.4). It is well known that the OU process with the kernel koy above
satisfies the stochastic differential equation

df(t) = —Af(£)dt + \/gdB(t),

where B is the standard Brownian motion whose kernel is kgyp.
e To generate differentiable test functions, we use once (iFBM) and twice (iiFBM)
integrated fractional Brownian motions

firBm(2) = /Ox frem(z)dz  and  firpm(z) = /OI firBm(2) dz,

where frpm ~ GP(0,krpMm). See (3.1) for the iFBM kernel. With H the Hurst
parameter of the original FBM, almost all samples f from the above processes satisfy

[[f] =1and o[f] = H (iFBM) or [[f] = 2 and «f] = H (iiFBM).
e We also consider a piecewise infinitely differentiable function f(x) = sin 10z + [z > zg],
where x( is randomly sampled from the uniform distribution on [0, 1] and [z > x¢] is 1
if 2 > x¢ and 0 otherwise. This function is of finite quadratic variation with V2(f) = 1.
Denote 62 = limy_y00 (}%V. For the above test functions, with equally-spaced partitions,
we expect the following asymptotic behaviours for the CV estimator from Theorems 4.1, 4.4,

5We use https://github.com/crflynn/fbm to sample from FBM.
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and 4.5, Proposition 4.7, the definition of quadratic variation, and Equation (6.1):

2

BM (I[f] =0, a[f] = 1/2): oey = O(1) and 07 =1,

OU (I[f] =0, a[f] = 1/2): &4y = 0O(1) and &%= )\/2,
FBM (I[f] =0, a[f] = H) 6y = O(N'72H) and &% =0,
iFBM (I[f] = 1, a[f] = H) 6y = O(N~172H) and &% =0,
iiFBM (I[f] = 2, a[f] = H) 64y = O(N™?) and &% =0,
sin 10x + [x > xo] : 6ay = 0(1) and 6% =1.

Note that the above rate for the iFBM holds for 0 < H < 1/2. The chosen functions allow us to
cover a range of o f] and [[f] relevant to the varying rate of convergence in Theorems 4.1 and 4.5,
as well as a range of V2(f) relevant to the limit in Theorem 4.4, imy_,0 68y = V2(f)/T.

6.2. Asymptotics of the CV estimator. Figure 5 shows the asymptotics of 62,,, where each
row corresponds to one stochastic process generating test functions f; the rows are displayed in
the increasing order of smoothness as quantified by {[f] + «[f]. The estimates are obtained for
equally-spaced partitions of sizes N = 10,102,...,10°. In each row, the left panel plots a single
sample of generated test functions f. The middle panel shows the mean and confidence intervals
(of two standard deviations) of &%V for 100 sample realisations of f for each sample size V.
The right panel describes the convergence rate of &%v to its limit point 62 = limy_,e0 5’%\/ on
the log scale.

We have the following observations:

e The first two rows (the FBM and OU) and the last (the piece-wise infinitely differentiable
function) confirm Theorem 4.4, which states the convergence 62y, — V2(f)/T as
N — o0o. While Theorem 4.4 does not provide convergence rates, the rates in the first
two rows appear to be N™Y/2. In the last row the rate is N~2.

e The remaining rows show that the observed rates of 6%\/ to 0 are in complete agreement
with the rates predicted by Theorems 4.1 and 4.5. In particular, the rates are adaptive
to the smoothness [[f] + «[f] of the function if [[f] + a[f] < 3/2, as predicted.

6.3. Comparison of CV and ML estimators. Figure 6 shows the decay rates of 62, and
631, to 0 for test functions f with I[f] = 1, under the same setting as for Figure 5. In this case,
Theorems 4.2 and 4.6 predict that &%AL decays at the rate ©(IN 1) regardless of the smoothness;
this is confirmed in the right column. In contrast, the middle column shows again that 6%\,
decays with a rate that adapts to {[f] and «[f] as long as [[f] + a[f] < 3/2, as predicted by
Theorems 4.1 and 4.5. These results empirically support our theoretical finding that the CV
estimator is adaptive to the unknown smoothness {[f] + «[f] of a function f for a broader range
of smoothness than the ML estimator.

Additionally, in Appendix D, we compare the asymptotics of the CV and ML estimators
when the underlying kernel is a Matérn kernel and the Sobolev smoothness of the true functions
differs from that of the kernel. Similarly to the results presented in this section, we observe
that the CV estimator exhibits a larger range of adaptation than the ML estimator.

7. Conclusion and future work. We have analysed the asymptotics of the CV and ML
estimators for the scale parameter in GP interpolation with the Brownian motion kernel. As
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Sample of f(x) a2y |6%, — 62|
Brownian
IIfl1=0
alfl=05 O
0.00-
ou
IIfl=0
0.0
FBM
IIfl=0
alfl=0.6 09
0.0
FBM
IIf1=0
alfl=0.8 05
0.05 ,\
iFBM 4 02=0 — — rate=-1.4
a[f]=0.2
-0.1 0.00 =% A
0.05 A
iFBM 0.05 62=0 rate=-1.8
=1 : 10™
alfl=0.4 00 0.00 s
0.1 @
iiFBM 0.05 02=0 rate=-2.0
lifl=1 0,00 10°
alfl=0.5 4 s 0.0 ;
FBm O° 0081 62=0 rate=-2.0
=1 10
alf]=0.7 0.00 = ~
0.0
200 ,\
iiIFBM 2 02=0 s — rate=-2.0
alfl=0.3 0 | !
oL .
irgm 100 25 0%2=0 , —— rate=-2.0
Ifl=2 10
alfl=0.7 00 § I .
0 )
2 5.0 X .
sin(10x) : 02=1 - rate=-2.0
with a jump & Y 107
0.0 05 10 40? 10° 102 10"
2 number of points N number of points N

Figure 5. Asymptotics of CV estimators for functions of varying smoothness as quantified by I[f] and «l]
in (6). Runs on individual 100 samples from f are in gray, means and confidence intervals (of two standard
deviations) are in black.
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Sample of f(x) |68, — 62| |63 — 02
iFBM 0.5 rate=-1.4 rate=-1.0
fl=1 107 1072
alf]=0.2)
0.0
0.0
iFBM . rate=-1.0
fl=1 10 —
a[fl=0.4) : :
-0.5 ‘
0.0
iFBM rate=-1.0
=1 10° '
a[f]=0.5)
-0.2

iFBM rate=-2.0 B rate=-1.0
=1 05 107 : 107
alf]=0.7)

0.0
0.0 0.5 1.0 10° 10° 10° 10"

number of points N number of points N

Figure 6. Asymptotics of C'V estimator compared to asymptotics of ML estimators, for once differentiable
functions.

a novel contribution, our analysis covers the misspecified case where the smoothness of the
true function f is different from that of the samples from the GP prior. Our main results in
Theorems 4.1, 4.2, 4.5, and 4.6 indicate that both CV and ML estimators can adapt to the
unknown smoothness of f, but the range of smoothness for which this adaptation happens
is broader for the CV estimator. Accordingly, the CV estimator can make GP uncertainty
estimates asymptotically well-calibrated for a wider range of smoothness than the ML estimator,
as indicated in Theorem 5.1. In this sense, the CV estimator has an advantage over the ML
estimator. The experiments provide supporting evidence for the theoretical results.

Natural next steps include the following;:

e Supplement the asymptotic upper bounds in Theorems 4.1 and 4.2 of the deterministic
setting with matching lower bounds.

e Extend the analyses (of both the deterministic and random settings) to more generic
finitely smooth kernels, higher dimensions, and a noisy setting.

The matching lower bounds, if obtained, would allow one to analyse the ratio between
the prediction error |f(x) — my(z)| and the posterior standard deviation 6vky(z) in the
deterministic setting, corresponding to the one in Section 5 for the random setting. Such an
analysis would need additional assumptions on the true function f, such as the homogeneity of
the smoothness of f across the input space. It also requires a sharp characterisation of the error
|f(x) — mpy(z)|, which could use super convergence results in Wendland (2005, Section 11.5)
and Schaback (2018). Most natural kernel classes for extension are Matérns and other kernels
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whose RKHS are norm-equivalent to Sobolev spaces; we conduct initial empirical analysis
in Appendix D and observe results consistent with the main results in this paper. To this end, it
would be possible to adapt the techniques used in Karvonen et al. (2020) for analyzing the ML
estimator to the CV estimator. In any case, one would need much more advanced techniques
than those used here. A potentially more straightforward extension could be one to multiple
times integrated Brownian motion kernels for which Gaussian process interpolation corresponds
to spline interpolation (Wahba, 1990, Chapter 1). In particular, finding analytic expression
for the mean and variance of a cubic spline kernel given in, for example, Equation (6.28) of
Rasmussen and Williams (2006) can be reduced to the problem of inverting a tridiagonal matrix
targeted in Mallik (2001) and Kilig (2008).

8. Proofs. This section provides the proofs of the main results and other lengthy compu-
tations. For xop = 0 and x1,...,xx € [0,7T], we will use the following notation whenever it can
improve the readability or highlight a point:

Axp = Tpt1 — Ty, n=01,...,N—1,
(8.1) fon=f(zn), mn=0,1,...,N.

8.1. Explicit expressions for the CV and ML estimators. Let us define zg = 0 and use
the convention f(xp) = 0. By a direct computation it is straightforward to verify that the
inverse of the Gram matrix of the Brownian motion kernel k(x,z') = min(z, 2") over the points
0=xp <11 <29 < -+ < xpN is the band matrix

_ T _ -

rT 1 T1 ... I I b1 C1 0 .o 0 0
r1 T2 T2 ... T2 xT9 C1 b2 C2 0 0
1 r1 T2 I3 ... T3 I3 0 C9 b3 e 0 0
k(X,X) = = . )
rKT T2 X3 ... ITN—-1 IN-1 0 0 0 bN—l CN—-1
|21 ®2 3 ... TN-1 TN | |0 0 O cN—1 by |
where
o 1
b; = Titl — i1 for ie{2,...,N—1}, by =
(i1 — 24) (25 — Tig1) TN_1— TN
1
¢i=-——— for ie{l,...,N—1}.
' (2 — zig1) t J

It follows that the posterior mean and covariance functions in (2.1) can be expressed as

(:En - l‘)f(xnfl) + («T - xnfl)f(ajn)
my(z) = Ty — Tn—1
f(zn) if z € [zn,T]

if © € [zp_1,zy] for some 1 <n < N,
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and

(xp — 2')(x — 2p—1)

Tp — Tp—-1

if 2,1 <z <2 <z, for some 1 <n<N,

kn(xz,z') = )
(@, ) T — TN ifey <z<a2' <T,

0 otherwise.

We omit the case 2’ < z for ky(z,2") as this case is obtained by the symmetry ky(z,2’) =
kn(2', ).
Using these expressions, we have, for each 1 <n < N:

(xn - anrl)f(wnfl) + (wnfl - xn)f(xn+1)
Tpn—1 — Tptl

my\n (xn) =
and

(xn - $n+1)($n - xnfl)

Tp—1 — Tp+l

k\n($n) = k\n(xna l‘n) =

For n = N, we have m\y(zn) = f(zn-1) and k\n(zy) = 2y — 2n-1. Inserting these
expressions in (2.2) and using the notation (8.1), the CV estimator can be written as

-1

2 1| (z2f1 — w1 f2)? n Nz: (Azp_1[fni1 — fn] = Azn[fo — fo1])?
T1T2AT (Azy + Azp1) Az Az,

n=2

(fn — le)Ql.

* Axry_q

For the ML estimator (2.2), we obtain the explicit expression

N
52 — 1 Z [f (zn) = f@n-1)]?
ML N Aacn_l
n=1
by observing that my,_1(z,) = f(x,) and kp—1(zy) = Tp — Tp_1.
Remark 8.1. The leave-p-out estimator 6%\/(1)) can be expressed in a form similar (albeit
more complicated) to Equation (8.2). We derive this expression in Appendix C. This suggests

that the analysis in Section 4 could potentially be generalised to apply to the leave-p-out
estimators, a possibility that we leave open for future research to explore.

8.2. Proofs for Section 4.1.
Proof of Theorem 4.1. The estimator &%v in (8.2) may be written as
6¢y = Bin +In+ By
in terms of the boundary terms

_ 2 _ 2
Biy — 1 (@h-nf)” Bon = 1 (fv—fna1)

N T122A T N Axn_q
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and the interior term

N-1

1 Z A.’I;n 1 fn+1 fn] - Amn[fn - fTL 1])2
(Axy + Axp1) Az Az, '

n:2

The claimed rate in (4.1) is O(N=2) if [ > 2 or [ = 1 and « > 1/2. By the inclusion properties
of Hoélder spaces in Section 3.3, it is therefore sufficient to consider the cases (a) { =0 and (b)
l=1and a € (0,1/2].

Suppose first that [ = 0. Let L be a Holder constant of a function f € C%([0,T]). Using
the Holder condition, the bounding assumption on Ax,, and fy = f(0) = 0, the boundary
terms can be bounded as

B L @l fo)+Ani(fi - fo)? _ 1 2@i(f - fo)? + Axi(fi — fo)?)
LN N 1190 T, - N 1290
1 202 (22 Ax3® + 232 Ax?)
- N T122AT
_ O(N lA 2a 1)
(8.3) = O(N~*)
and ( )2
1 (fv—fyva L on 2a-1 “2a
= .= v < — = .
By n ~ Ain_ < NL Az ™ = O(N™=%)

Similarly, the interior term is bounded as

72 n 1 fn-i-l fn) —|—A.’L‘ (fn fn—1)2

Iy <
N = Al‘n + Axy_ 1)Al‘nA.7)n 1

27[,2 N-1 Axnfle%a + Am%Ax?fil
- N o (Axn + Azp_1) Az, Az,

or2 V=1 Az, 1Az2e~1 4 A:L‘nA:cza 1

‘N Axy, + Azy g
n=2
N—-1
— 27_[/2 < Al‘n_l Axiafl + A.’En Axi(i_11>
N o Az, + Az, Az, + Az,
2L2 N—-1
SN (Azpe + Az
n=2
— O(N1—2a)

Inserting the above bounds in (10) yields 62y, = O(N~2* + N172%) = O(N'72%), which is the
claimed rate when [ = 0.

Suppose then that [ = 1 and « € (0,1/2], so that the first derivative f’ of f € C1<([0,T))
is a-Hélder and hence continuous. Because a continuously differentiable function is Lipschitz,
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we may set o = 1 in the estimates (8.3) and (10) for the boundary terms By y and B y in the
preceding case. This shows these terms are O(N~2). Because f is differentiable, we may use
the mean value theorem to write the interior term as

_ i Z Az, 1Az, fn+1 — fn _ fn— fua1 2
NTN ~ Azy_1 + Az, Az, Axp_q

N-1
A.%'n 1A£L‘n 2

5 Z Axy 1+ Axy [f/(fn) a f/(jnfl)] ’

N-1

where Z,, € (2, Zn+1). Let L be a Holder constant of f’. Then the Holder continuity of f/ and
the assumption that ||Py|| = O(N ') yield

N-1

L? Az,_1Ax 23 A 1Az
In < &7 Vv | S I2 (Agy g + Axg)>
N ZAmn1+Am’ Fa] ZmnwA (A1 + An)
72 N1
< ﬁ Z A:L‘n(Al‘nfl + Al‘n)2a
n=2
= O(N~27h).

Using the above bounds in (10) yields 62, = O(N~2 + N~2>71) = O(N—221), which is the
claimed rate when [ = 1. [ |

Proof of Theorem 4.2. From (8.1) we have

~ 1 al (fn_fn—1)2
N Z Azp_q '

n=

Suppose first that [ = 0. As in the proof of Theorem 4.1, we get

when ||[Py|| = O(N~1!). Suppose then that [ = 1. By the mean value theorem there are
&n € (Tn_1,Ty) such that

N

1 n n 1 al /
&ﬁfNZl(fAm':ll— ZA% 1( A:E;fll> = 3 2 Aol (6

Since f’ is continuous on [0,7] and hence Riemann integrable, we obtain the asymptotic
equivalence

T
N&§4L—>/ fl(x)*’dz  as N — oo
0

when ||Pn|| — 0as N — oo. The integral is positive because f has been assumed non-constant.ml
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Proof of Theorem 4.4. For equally-spaced partitions, Az, = x; = T/N for all n €
{0,..., N — 1}, the estimator 62, in (8.2) takes the form

N—
Sy = | PO TAS Z (Fat = F) = (Fu = Fact) P+ (o = fvma)?

Recall from the proof of Theorem 4.1 the decomposition

6&y = Bin + Iy + Bay

in terms of the boundary terms By y and By y in (10) and the interior term Iy in (10). Because
f is assumed continuous on the boundary and equispaced partitions are quasi-uniform, both
By, n and By y tend to zero as N — co. We may therefore focus on the interior term, which
decomposes as

L N-
In=3 Z (fat1 = fn) = (fn = fa-1))”
= |
= Z Jnt1 — + (fa— fa1)? — 5(fn+1 — fuo1)?

The sums ZT]:[;;( for1— fn)? and Z 2 (fn — fu_1)? tend to V2(f) by definition. To establish
the claimed bound we are therefore left to prove that

N-1

Z(fn—i—l — fae1)? = 2V2(f) as N — oo.

n=2
We may write the sum as

N-1 155 L %52)

> (farr—fa1)’ = D (fanrr — fon1)* + (fant2 — fon)*.
n=1

n=2

3
Il
—

Consider a sub-partition of Py that consists of odd-index points x1, x3, .. Ty No1 4y of Py.
2

The sequence of these sub-partitions is quasi-uniform with constant 2. The assumption that
the quadratic variation is V2(f) for all partitions with quasi-uniformity constant 2 implies that

155

]\}i—l;noo > (fona1 — fan1)? = V2(f).

The same will hold for sub-partitions formed of even-index points of Py, giving

| 852
Jim nz::l (font2 — fon)? = V2(f).

Thus, (12) holds. This completes the proof. [ |
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8.3. Proofs for Section 4.2.

Proof of Theorem 4.5. Recall the explicit expression of 62y, in (8.2):

ocv = N T1T2AT] (Azy + Azp—1) Az Az

o1 [(xzfl—mlfz +Z (Azp1[frr1 — fo] = An[fn — fr1])?
(8.4)
(fN fn_1)?

A:L’N 1

We consider the cases | = 0 and [ = 1 separately. Recall that f ~ GP(0,k; ) implies that
Elf(2) f(2")] = kiu (2, 2).

Suppose first that [ = 0, in which case f ~ GP(0, ko ) for the fractional Brownian motion
kernel ko g in (3.4). In this case the expected values of squared terms in the expression for
62y are Elzaf1 — z1 f2]* = :clngxl(x%H_l + Aa:%H_l — (21 + Azyp)?H1),

E[Azn 1(fai1 — fr) = Azn(fr = fa1)]’
(AI‘QH 1y Aa:2H 1 — (Azp—1 + Awn)ﬂ{_l)ALEn,lAa:n(Aa:n + Azy_1),

and E[fxy — fn_1)? = Aw%ﬁl. Substituting these in the expectation of c}%v and using the fact
that Ax, = ©(N~1) for all n by quasi-uniformity we get

1
E&%V = N [(ﬂ:’%Hl + Ax%Hil — (1 + A$1)2H_1)

N-1
I Z <Am2H Ly Ag2H-1 (Axn_1+Awn)2H71) + Ag2H 1]

n=2

2H-1 2H-1
Ag2H-1 x1 1— L1 1
1 Axy * Aw%H_l *
Az 2H-1 Agn 2H-1
2H 1 n—1 n—1 2H— 1
1-— 1 A
Z << Az, ) + ( Ax, + > ATy

N—-1
Al‘%H Ley —|—Am2H 1 E cn—l—Aw2H 1].
n=2

1
N

N

Notice that the function x + z2#~1 41 — (2 4 1)2=1 is positive for 2 > 0 and H € (0,1),
and increasing for H € (1/2,1) and non-increasing for H € (0,1/2]. By quasi-uniformity we
have C’;ul < Azp_1/Axy, < Cqu, and can bound ¢, for any n and N as
0<CH 41— (Cqu+ 1) < <l +1—(C + 1)1 if He(0,1/2),
0<Co+1—(Cl+ 1) <oy <C2IT 41— (Cqu+ 1271 if H € (1/2,1).

Finally, by quasi-uniformity Az, = O(N 1), and E6Z,, = O(N 2H)+ (N1 2H) 1+ (N ~21) =
@(N1_2H).



COMPARING SCALE PARAMETER ESTIMATORS FOR GAUSSIAN PROCESSES: LOO-CV AND ML 29

Suppose then that [ = 1, in which case f ~ GP(0,k; i) for the integrated fractional
Brownian motion kernel k1 g in (3.1). It is straightforward (though, in the case of the second
expectation, somewhat tedious) to compute that the expected values of squared terms in the
expression (8.4) for 63, are

r172AT QH+1  2H+1 2H+1
E - 2 = - —A
(2 f1 — x1 f2] 2(H+1)(2H—|—1)( Ty 1 )

and

E[Azn1(fat1 = fo) = Azalfa — fo-1)]”

(8.) Az, Axy 1(Azy + Ay 1) 2H+1 2H+1 2H+1
= S5(H 1 ) H + 1) [(Azp + Azp_1) — Az — Azt

and

Azn_ 1
2 N-1( 2H+1 _ 2H+1 2H+1
E[fn — fn-1] :2H+1(mN+ —ayit— (H—i—l)AxNJi)'

Therefore, by (8.4),

2H+1 2H+1 2H+1
2 (5752 — I — Azj )

EA =
eV 9(H + 1)(2H + )N
1 N—-1
A Ar, 2H+1 N 2H+1 —A 2H+1
+%H+UQH+DN;;K:%+ Tn-1) “n i)
1 2H+1  2H+1 1 9OH 11
- _ _ - A
+(ﬂ?+1ﬁv<%v B B T( 7 N
1 1 1

= B I Boy.
s H+DeH D N T ey yeEr ) N T eHE D 2N

By quasi-uniformity, By y < N_lzngH'H = O(N—272H)_ Consider then the interior term
2H+1 2H+1
Al’n AV

. 2H+1
A:):n Cp-

(8.6)

n=2

Because the function x = (14 2)2H+ — (1 + 22H+1) is positive and increasing for = > 0 if

H € (0,1) and C’ < Azy_1/Axy, < Cqu by quasi-uniformity, we have

Az, 2H+!
0< (1+C )2H+1 (1+Cq—u(2H+1)) Sc; < <1+ AZ ) < (1+Cqu)2H+1
n
for every n. Because N ZN ' Ag2H1 — @(N-1-2H) by quasi-uniformity, we conclude

from (8.6) that Iy = ©(N~'72). For the last term By y, recall that we have set zy = T.
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Thus
1

1
— <T2H“ — (T —Azy 1) — ———Ax ?VHT).

B =
2N 2(H + 1)

’ N
By the generalised binomial theorem,
T2 (T — Ay )?HH = QH + D)T?H Axy 1 + O(A% 1)

as Azny_1 — 0. It follows that under quasi-uniformity we have By n = O(N —2) for every
H € (0,1). Putting these bounds for By n, In and Bg y together we conclude that

1 1 1

E6dy = B I B
Ny neE+ ) N e EmryeE+ ) N T eE 1) 2N
=O(N"2 20y y o(N~172) L o(N7?),
which gives E62,, = O(N 172 if H € (0,1/2] and E63y, = O(N2) if H € [1/2,1). [

Observe that in the proof of Theorem 4.5 it is the boundary term Bj y that determines the
rate when there is sufficient smoothness, in that [ =1 and H € [1/2,1). Similar phenomenon
occurs in the proof of Theorem 4.1. The smoother a process is, the more correlation there
is between its values at far-away points. Because the Brownian motion (as well as fractional
and integrated Brownian motions) has a zero boundary condition at x = 0 but no boundary
condition at x = T" and no information is available at points beyond T, the importance of By
is caused by the fact that around T one has the least information about the process.

Proof of Theorem 4.6. From (8.1) we get

fn 1
ML NZ A:cn 1

We may then proceed as in the proof of Theorem 4.5 and use quasi-uniformity to show that

i — fo1l? Z _ ZszH 1 g(N1-2Hy
Aa:n 1 Ain 1

when [ = 0 and
N
Ed{y, = ; E[fZ;nfil]
_ 1 = 9H+1 _ , 2H+1 1 2H+1
T 2H+ 1N ; <$" B T R )
1 - 2H 2 1 2H+1
= GH TN nE:l <(2H + Dzt Azp_y + O(Az;, ) — mAxn_l )
=N

when [ = 1. [ |
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8.4. Proofs for Subsection 4.3. For the Brownian motion kernel, the ICV estimator
defined in (4.3) takes the explicit form

N—
O‘ i Z Axn 1 fn+1 fn] Axn[fn fn 1])2
ev— N — ALL‘n + Axp— 1)A.€L‘nA.Tn 1 '
We analyse this estimator below.

Proof of Theorem 4.8. The proof of Theorem 4.1 shows that when [ =1 and « € (1/2,1],
the bound is dominated by the bound on the boundary terms, By y = O(N72) and By y =
O(N—2), since

6&y =BiN+ 1IN+ Bay =O(N )+ ON 2% + O(N~?) = O(N?).

As 63 = Iy, it follows that 6%, = O(N~172%) when [ = 1. -

Proof of Theorem 4.9. The proof of Theorem 4.5 shows that when [ =1 and H € [1/2,1),
the bound is dominated by the bound on the right boundary terms, By vy = O(N~2), since

1 1 1

E6dy = B I B
Vs ner+) N T smrnearn N T eg s N
— O(N_2_2H) + @(N—I—ZH) + @(N—Q)
As E63 = In/(2(H + 1)(2H + 1)), it follows that 67, = O(N 1727 when [ = 1. [ |

8.5. Proofs for Section 5.

Proof of Theorem 5.1. We only provide the proof for the case [ = 1 and leave the simpler
case [ = 0 to the reader. Let x € (z,—1,2y). From the expression for my in Subsection 8.1, we
get

(0 — 2) F@n 1) + (7 — 2 ) (@) ]
Axy_q

Elf(z) —my(2)]” =E| f(z) -

B[ — 2 )(f () — £(2)) = (20— 2)(f () — Fan )]

2
Ax:

Then, we can use (8.5) with z,, instead of z,,+1 and x instead of z,, to get

]E[f(ﬂ?) _ mN(iL‘)]Q — (3777, _C:I)iz;_-fn—l) [Axil;lio—l _ (xn _ x)QH—l—l _ (113‘ _ $n71)2H+1]

where Cy = 2(H + 1)(2H 4 1). The expression for ky in Subsection 8.1 gives

i

E[f(z) — my(z)]? _ p2HFL
R o T R e

By removing the negative terms and using the quasi-uniformity (3.2), we obtain

sup E[f(z) — mN(9U)]2 < (chu)2H+lN—1—2H,

x€[0,T) kn () CH

)2H+1 _ (.’L’ )2H+1].

— Tn—-1
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To see that this bound is tight, observe that for the midpoint = = (x,, + z,—1)/2 we have
Tp — =0 —Tp_1 =Azxp_1/2 and

E[f(z) — 7”'”LN(95)]2 _ L 1— L Axmillﬂ > T2 1— L N-1-2H
l{:N(x) CH 92H n CH0021£1+1 22H

by the quasi-uniformity. Therefore

E[f(x) — my ()]

sup —Q(N—121
2€[0,T] kn(z) ( )
when [ = 1. One can similarly show that
_ 2
sup E[f(z) — my(z)] = Q(N!-2H)
2€[0,7] kn ()

when [ = 0. The claims then follow from the rates for E&%V and E&I%/IL in Theorems 4.5
and 4.6. [ |
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Appendix A. Connection between the ML and CV estimators.
Here we prove a connection between the ML and CV estimators; see Remark 2.1. Let

N N!
= ()l
Nr =) = v =)
denote the binomial coefficient. The leave-p-out cross-validation (LPO-CV) estimator of o2 is
C(N,
e = 1 (z:p) 1 zp: [f(pin) — Mo gp.iy (Tpim)]?
®) " C(N,p) & p= ko (p,iy (Tpyin)

where ¢ indexes the N-choose-p possible sets of held-out datapoints, x\ (,;}, among x and n < p
the data points left out of each of these sets. That is, for each p and ¢ we have

X = X\{p,} U {xpﬂ',l, e xp,i,p}.

The functions m g, ;1 and ky g, ;1 are the GP conditional mean and variance based on the set
X\ {p,i}> Which contains N — p points. The purpose of this section is to prove that

1 N
~2 ~2
ML = > 5t
p=1
Denote v(x) = f(x)"k(x,x)"1f(x). The block matrix inversion formula applied to

g(x\{p,i} U {r}) and the equations in Section 2 for the conditional mean and variance yield

[f () — ma gy (2)]?
R g,y ()

= v(x\ iy U{z}) — v(x\gpi)

for any 1 <p < N and = ¢ %y}, where we use the convention v(x\ ;) = v(0) = 0. For each
1<p<N,i<C(N,p) and n < p there is a unique index j(p,i,n) < C(N,p — 1) such that

X\{p’i} U {l'p,i,n} = X\{p—l,j(p,i,n)}'

Setting © = p;, in (A) gives

[f(pin) — Mo gp.iy (Tpin)]?

= v(X\(piy U{zpint) — v(x\(pi})-

 gp,iy (Tpim)
Therefore
C(N,
EN:&Q 1 i 1 p)li [ (@pin) = 0\ gy (Tpin)?
1 w TN —1 C(N,p) -1 P R\ oy (Zpin)
(A1) i i

C(N,p)

Yoo 1L
) pzl CVp) 2 p 2 P U lrnind) = v00 )]

=1 n=1
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By (A) from each set x\ ;3 on level p (i.e., sets from which p points have been left out) one
can obtain p sets on level p — 1 by adding one of the left-out datapoints. However, there are
C(N,p) sets on level p and C'(N,p— 1) sets on level p — 1. Hence for each set x\,_1 ;3 on level
p — 1 there are

C(N,p)  Nlip-DYN—-p+1)!
Prom,p—10 P T NV —p)!

=N-p+1

combinations of sets X\ {p,i} o1 level p and points ) ; , left out of these sets such that X\ {p,i} U
{xpin} = x\{p-1,5}- Therefore

C(NJJ)1 p
Yo o> g Ulapin) — v(xpa)]
-1 P
C(N,p)1 P C(N,p) 12
= =Y vl Ulzpind) = D = > v(xpa)
i=1 pn:l i=1 pn:l
N _p+ 1 C(N7p71) C(Nrp)
= » Z v(X\ {p-1,5}) Z v(X\(p.i})
7=1 =1

and consequently (A.1) writes

N N N-p+1 C(N,p—1) C(N,p)
Doty Zc [ " Yo vxpory) - Y V(X\{p,i})]
p=1

- J=1 i1
N C(Np-1) o
z; N C,p-1) ; Y1) T BT ) ; V(X\{p,i})]a

which is a telescoping sum. We are left with

C(N,0 C(N,N)
1
ZUCV(p X\{OJ} C(N N) Z V(X\{N,i})7
Jj=1 ’ i=1

where v(x\(0,j1) = f(x)Tk(x,x)71 f(x) and v(x\(n,3) = v(0) = 0. Thus

Tk X, X -1 R
Z%v(p Tk )y

which establishes (A).

Appendix B. Further discussion on Theorem 4.4 . The requirement of having the
same V?2(f) for all sequences of partitions quasi-uniform with constant 2 can be relaxed
somewhat: trivially, it is sufficient that the quadratic variation is V2(f) specifically with respect
to even-points and odd-points sequences of sub-partitions used in the proof in Subsection 8.2.
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Furthermore, we may even have different quadratic variations with respect to said sequences.
Then the results becomes
v ROV

lim 6&y =~  f
NV T 2

)

where VZ(f) and V2(f) are quadratic variations with respect to the even- and odd-points
sub-partitions respectively, meaning that

N-1

VE(f) = Jim > (farr = fa)?,
n=1
1552

V() = Jim > 7 (fanga = f2n)”,
n=1
55

VE(f) = Jim > (fani1 = fan-1)?
n=1

Appendix C. Explicit expression for the leave-p-out estimator.

Using the expressions for posterior mean and covariance functions in (8.1) and (8.1), we
may derive an explicit expression for the leave-p-out cross-validation (LPO-CV) estimator of
the scale parameter, given in (A) by

C(N,p) P

1 Z 12 [f(@p,in) m\{ i}(w in)]Q
~2 2 Y p,t,

g, AV4 = —————— — .
CVip) C(MP) izl Pn 1 k\{p,z’}(xpvi,n)

The expression is less straightforward than that for p = 1. Denote by x|, ;, the largest
point in the set x\ (i1 = X\ {Zpi1,...,%pip} that does not exceed xp;n, and by xpp; ) the
smallest point in the set x\, ;1 that exceeds ) ;. Through somewhat cumbersome arithmetic
derivations one can show that the estimator takes the form

1 C(N,p) p—1
52 = — . . .
ICv(p) = C(N, p) ; [Bp,z,l + ; Lyin + Bp,z,p]

_ o o ) + . ) _ ] . .
where, for Az, ;. = (Tpin — Tpin)) and Az, = (T(pin] — Tpin), the inner term is

Al‘;i,n(f’—pvivnw B fp,i,n) B Ax;—,i,n(fp,im - pr,Z,nJ)

I,in =
Dy, F — T+ — )
(A‘T + AzEp,i,n)Amp,i,nAwp,i,n

p71’7n

and the boundary terms B,;1 and B, ;, depend on whether the i™M set contains z; or zn,
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Vtrue = 1/2 Vtrue = 3/4

Ot O (N1~ 4veruc) O(N1)
Oy O (N1~ 4vume ) O(N~2)

Figure 7. Rates of decay for the ML and CV estimators for the Matérn kernel of order 1, and a true
function that is a linear combination of Matérn kernels of order virwe. The ML rate is given in Karvonen et al.
(2020, Equation 5.2). The CV rate is empirically observed in Figure 8. Observe that the C'V estimator’s range
of adaptation to the smoothness virue s wider than the ML estimator’s.

respectively. Specifically,

x i i.1—Tp.q i 2 . . .
@) fpin “Tpit fpat])” it e it got contains 1,

+
Bp%l — xpyialw(p,Ll]Axp,i,l
Lyl otherwise,
Toin=Nlpinl)® ity i
(””’Aw if the i’th set contains x,
Bp,i,p = mpﬂ',l?
Lyip otherwise.

Though more cumbersome, it may be feasible to conduct convergence analysis similar to that
in Section 4 for &%V(p). We leave this up to future work.

Appendix D. Comparison of CV and ML estimators for Matérn kernels.

A natural next step is extending the analysis to kernels whose reproducing kernel Hilbert
spaces (RKHSs) are norm-equivalent to Sobolev spaces, such as the commonly used Matérn
kernels. The ML estimator for Matérn kernels was analysed in Karvonen et al. (2020). Their
experiments in Section 5.1 suggest that, for x; := max(z,0),

@%/[L _ @(NQ(Vmode172Vtrue)+*1)

when k,,__,, is a Matérn kernel of order vpyodel and f is a finite linear combination of the form
=30 aiky,.. (-, ;) for some m € N, o; € R, z; € [0,1], and the Matérn kernel k,,, ., of
order viye. FEmpirically, we compare this to the rate of the CV estimator in Figure 8. The
test functions f are posterior means of a GP with the k,,, . kernel conditioned on points
{(z1,91),- ., (%10,910)}, where each z; and y; is sampled i.i.d from the uniform distribution on
[0,1]. Since such f are of the form f = 371" @ik, (- %), we expect the MLE rate in (D) to
apply; we use experimental data and the results in Theorems 4.1 and 4.6 to hypothesise what
the rate in each individual example is. Similarly to the observations for the Brownian motion
kernel, we see that the CV estimator adapts to the smoothness of the true function over a
larger ranger of smoothness compared to the ML estimator. For instance, for vy04e1 = 1, the
experimental results suggest that the dependence of rate on vy, is as illustrated in Figure 7.
While the CV and the ML estimators adapt to the function smoothness when vgue < 1/2,
for viue € [1/2,3/4] only the CV estimator continues adapting to the smoothness. This
implies the CV estimator is less likely to become asymptotically overconfident in the event of
undersmoothing.
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Figure 8. Asymptotics of C'V estimator compared to asymptotics of the ML estimator, for the Matérn kernel
Vmodel, and a true function that is a finite linear combination of Matérn kernels Virye.
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