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Abstract

We develop novel learning rates for condi-
tional mean embeddings by applying the
theory of interpolation for reproducing ker-
nel Hilbert spaces (RKHS). We derive ex-
plicit, adaptive convergence rates for the
sample estimator under the misspecifed
setting, where the target operator is not
Hilbert-Schmidt or bounded with respect
to the input/output RKHSs. We demon-
strate that in certain parameter regimes,
we can achieve uniform convergence rates
in the output RKHS. We hope our analy-
ses will allow the much broader application
of conditional mean embeddings to more
complex ML/RL settings involving infinite
dimensional RKHSs and continuous state
spaces.

1 INTRODUCTION

In the past decade, several studies have explored a
new framework for embedding conditional distribu-
tions in reproducing kernel Hilbert spaces (RKHS).
This approach seeks to represent a conditional dis-
tribution as an RKHS element, and thereby reduce
the computation of conditional expectations to the
evaluation of kernel inner products. Unlike other dis-
tribution learning approaches, which often involve
density estimation and expensive numerical analy-
sis, the conditional mean embedding (CME) frame-
work exploits the popular kernel trick to allow dis-
tributions to be learned directly and efficiently from
sample information, and do not require the target
distribution to possess a density function. The broad
generalizability and computational levity of condi-
tional embeddings have led them to find many appli-
cations in reinforcement learning, hypothesis testing,
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and nonparametric inference (Fukumizu et al., 2007,
2009; |Grunewdlder et al.| 2012bj [Song et al., 2010)),
where conditional relationships are often of pertinent
interest.

A central issue involved in the conditional embed-
ding framework is the performance of the sample
estimator. Despite their successful application, there
has been a limited study of optimal learning rates
for conditional mean embeddings. Several founda-
tional works (Song et al., [2010} 2009) established the
consistency of the sample embedding estimator, ex-
ploring its convergence rate to a “true” embedding
in the RKHS norm. These works framed the act of
conditioning as a linear operator between two Hilbert
spaces, which mapped features of the independent
variable in the input space to the mean embeddings
of their respective conditional distributions in the
output feature space. Under certain smoothness con-
ditions on the underlying distribution, |Song et al.
(2010) demonstrated convergence of the sample es-
timator in the Hilbert-Schmidt norm. Although
these works introduced a regularization parameter
to tackle the ill-conditioning of the sample covari-
ance operator, the learning task was not explicitly
framed as a regularized regression problem, with the
consistency of the sample estimator only implicitly
depending on the polynomial decay of the regular-
izer. Later, |Grinewalder et al.| (2012a)) explicitly
formulated conditional embeddings as the solution
of a vector-valued Tikhonov-regularized regression
problem. Here, the learning target was framed as a
Hilbert space-valued function acting directly on the
independent variable. Drawing from the rich theory
of regularized regression (Caponnetto and De Vito,
2007)), they derived near-optimal learning rates for
kernels whose spectrum exhibits polynomial decay.
However, their analysis required the compactness

of the input set and the target Hilbert space to be
finite-dimensional, an assumption which is violated
by several common kernels.

In recent years, there have been several attempts
to further relax the hypotheses of the previous
two approaches — namely the requirement of a
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finite-dimensional output RKHS and the compact-
ness of the true conditional mean operator (well-
specification). These approaches have sought a
measure-theoretic interpretation of conditional mean
embeddings as Hilbert-valued Bochner-measurable
random variables in either an operator or vector-
valued RKHS. [Klebanov et al.| (2020) demonstrates
almost sure consistency for centered operators under
relatively weak assumptions, but only L? consistency
in the more popular uncentered framework, provid-
ing no insight into learning rates in either case. |Park
and Muandet| (2020) abandons the operator frame-
work, and seeks to directly extend the vector-valued
regression approach from |Griinewélder et al.| (2012a))
to infinite-dimensional RKHS, but similarly only
demonstrates consistency in the general setting, and
must further assume the well-specified setting to pro-
vide an concrete learning rate for the surrogate risk.
Moreover, the latter approach sacrifices the operator
interpretation of the conditional embedding, which
has recently found an elegant connection to trans-
fer operators in dynamical systems theory, and their
associated data-driven spectral techniques (Mollen-
hauer et al., [2020; [Klus et al., [2018)).

In this paper, we aim to address these gaps by de-
riving novel adaptive learning rates for conditional
mean embeddings in the misspecified setting, that
elucidate the relationship between the properties of
the kernel class and target measure. In particular, we
seek to capture the interplay between kernel complex-
ity (as measured by eigenvalue decay/summability)
and the continuity of the hypothesis class in estab-
lishing uniform convergence rates. We apply the
theory of interpolation spaces for RKHS ([Fischer and
Steinwart, [2020; Steinwart and Scovel, |2012)) to sig-
nificantly relax the aforementioned source conditions,
and simply require that the target “conditioning func-
tion” lie in some intermediate fractional space be-
tween the input RKHS and L2. To the best of our
knowledge, this is the first work to establish uniform
convergence rates in the misspecified setting. Our
approach is also distinct from existing operator-based
methods in that we do not require the the target con-
ditional mean operator to be Hilbert-Schmidt, but
simply bounded on the aforementioned interpola-
tion space. Our generalized notion of boundedness
also significantly attenuates the need to explicitly
verify this continuity condition, which can often be
difficult and unintuitive, and was a key motivator of
the regression approach adapted by |Grinewalder

et al.| (2012a)); [Park and Muandet| (2020). More-
over, our analysis does not make any assumptions
on the dimensionality of the input/output RKHS or
the compactness of the latent spaces. These relax-
ations do introduce a slight tradeoff of requiring the

polynomial eigendecay of the covariance operator,

a standard assumption in regularized least-squares
problems (Lin et al., [2020; [Lin and Cevher}, 2020
Caponnetto and De Vito, [2007)). In a sense, our ap-
proach hybridizes the two aforementioned frame-
works — namely, like [Song et al.| (2010]) we construct
conditional embeddings as operators, and character-
ize the convergence of the sample estimator via the
spectral structure of the target embedding opera-
tor. However, we seek inspiration from the regression
formulation of |Grunewélder et al.| (2012al) and like-
wise try to extrapolate approaches from scalar-valued
kernel regression to our operator learning problem.

2 MODEL AND PRELIMINARIES

2.1 Problem Statement

Let D = {(x;,y:)}; C X x Y be a dataset of n inde-
pendent, identically distributed observations sampled
from a distribution P. Our goal is to learn the condi-
tional distribution P(Y|X), where (X,Y) ~ P. Here,
we study a learning strategy based on conditional
mean embeddings (Song et al.l |2010)), which seek

to represent conditional distributions as operators
between an input and output RKHS. Formally, let
Hx be a separable RKHS on X with bounded mea-
surable kernel k(-,-) and Hj, be a separable RKHS
on Y with measurable kernel I(-,-). Then, according
to [Song et al.| (2009), we define a conditional mean
embedding Cy|x : Hx — Hy as follows:

Definition 2.1. The conditional mean embedding
operator Cy|x : Hx — Hp is defined such that:

® Uy|z = EY\;C[Z(K )} = CYIXk(x’ )

o Ey,[9()] = (9, py|z)r forall g€ Hy and x € X

Essentially, the operator C'y|x performs the action
of conditioning on some x € X', which is represented
by its feature mapping k(z,:) € Hx. The output
Hy|z € Hp then represents the conditional distribu-
tion P(-]x) in the output feature space Hy— evalu-
ating the conditional expectation of some function
g € Hr simply reduces to taking its inner prod-
uct with py,. Thus, in a sense, py |, can be inter-
preted as a generalization of the “density” of P(:|x),
although it is important to note that distributions do
not need to possess Lebesgue densities to be repre-
sented via a CME.

It is important to note that, implicit in Definition

is the assumption that the function g¢(-) =
E[f(Y)|X = ‘] is contained in Hg for every f € H.
This is a strong assumption, and forms the so-called
“well-specified” scenario treated exhaustively in the
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literature (see e.g|Song et al. (2009} 2010)). It is vio-
lated in several common cases, such as when X and
Y are independent and H g is a Gaussian RKHS,
which does not contain the constant functions g (-)
for any f € Hy, (see Corollary 4.44 in Steinwart and
Christmann| (2008)); our Lemma demonstrates
that constants are included in every interpolation
space, however). A key feature of our analysis will
involve relaxing this assumption by replacing Hx in
Definition with a larger interpolation space H?(
that lies “between” Hy and L?(Pyx) (defined rigor-
ously in the following section). Hence, our framework
proves robust as long there exists some such frac-
tional space that contains gy (-) for every f € Hp —
in section [3] we demonstrate how our learning rates
depend on the smoothness of this space.

We also define the uncentered kernel covariance
Cxx = Ex[k(X, ) ® k(X,-)] and cross-covariance
Cyx = Eyx[l(Y,-) ® k(X,-)] operators. Note here
that ® may be interpreted as a tensor product, i.e.
Cx x, for example, may be alternatively expressed
as: Cxx = Ex[k(X, ){(k(X,"), k], if we wish to
make the action of C'xx on Hx more explicit. It
can be easily shown (Klebanov et al., |2020) that
Cyix = (C’LXCXy)*, when Cy | x exists (where {
denotes the pseudo-inverse and * the adjoint).

In practice, we do not have access to the true covari-
ance operators Cx x and Cy x, and hence use the

regularized sample CME C’)Aqx = C'YX(C’XX + )7

where A > 0 and the empirical operators Cy x and
Cy x are defined precisely like their population coun-
terparts (with Ey x[-] replaced by the empirical ex-
pectation Ep[-]). |Grinewalder et al.| (2012a)) demon-
strated that Cf}l y solves the following regularized

least-squares problem:

(2 2
arg THK%”ZW ir) = Tlk(ze, ML + N T1fs (1)

Traditionally, the sample complexity of solutions

to has been analyzed through the lens of vector-
valued regression (e.g. [Park and Muandet| (2020);
Griinewalder et al.| (2012al)). In earlier works, the
consistency of the sample CME was demonstrated
via a spectral characterization (Song et al., [2010])
that imposed strong compactness conditions on
Cy|x. Here, we develop an integral operator ap-
proach towards the analysis of that seeks to sig-
nificantly weaken the spectral conditions on Cy|x
through the use of interpolation spaces — our ap-
proach is strongly motivated by |Fischer and Stein-
wart| (2020) where integral operator techniques were
successfully applied towards the analysis of scalar-
valued kernel regression problems. In section [3]

we notably demonstrate that we can achieve the

same learning rates derived in [Fischer and Steinwart
(2020) for our operator regression problem, under
weaker smoothness conditions.

Remark (Proofs). All proofs can be found in the
supplementary appendices.

Remark (Notation). In the remainder of this pa-
per, we define CA'Y‘X = Cyx(Cxx + A1, C’Q‘X =
Cyx(Cxx + M), and py |, = Eyx—,[l(Y,")],
fivie = Cyx(k(z,-)), and py, = O x(k(z,-)).
Note that when denoting the sample conditional
embedding éy‘ x we suppress the dependence on A
and the number of samples n, as these are typically
understood from context. Moreover, for any two
Banach spaces A and B, we denote by L(A, B) the
set of all continuous linear operators between A and
B. For any T € L(A, B), ||T|| denotes the operator
norm given by ||T|| = SUD| ]| 4 <1 [|Tx||p and ||T||us
denotes a Hilbert-Schmidt norm. Occasionally, we de-
note this operator norm as || - ||4— p in order to make
the domain and codomain more explicit. Finally, we
use the symbol < to denote the Loewner (semidefi-
nite) order between positive semidefinite operators
(i.e. A< Biff B— A is positive semidefinite).

2.2 Mathematical Preliminaries

We first summarize the theory of interpolation spaces
between Hy and L2(v) (where v = Px is the
marginal distribution on X’). Consider the injective
imbedding I, : Hx — L*(v) of Hx into L2(v). Let
S, = I} be its adjoint. Then, it can be shown that
S, is an integral operator given by:

Su(f) = /X Kz, ) F(y)dv(y)

Using S, and I,,, we construct the following positive
self-adjoint operators on H and £2(v), respectively:

C, =5,1I, =TI,
T,=1,8, =I,I

We observe that C,, and T, are nuclear (see Lemma
2.2/2.3 in |Steinwart and Scovel| (2012))), and that
C\, coincides with our uncentered cross-covariance
operator C'x x. In our discussion/analyses below we
typically only use the notation Cx x when consider-
ing expansions of the operators C’y|X, Cy|x, or CYlX
in order to remain consistent with literature (when
the latter operators are abbreviated as in this sen-
tence, we instead use C,). Since, T, is nuclear and
self-adjoint, it admits a spectral representation:

T, = Zﬂj€j<eja VL2 ()

j=1
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where {11;}32, € (0,00) are nonzero eigenvalues of
T, (ordered nonincreasingly) and {e;}32, C L*(v)
form an orthonormal system of corresponding eigen-
functions. Note that formally, the elements e; of
L?(v) are equivalence classes [e;],, whose members
only differ on a set of v-measure zero— notationally,
we consider this formalism to be understood here
and simply write e; to refer to elements in both Hg,
L?(v), and their interpolation spaces (with the resi-
dence of e; understood from context). We define the
interpolation spaces H% as:

Definition 2.2. For o > 0, we define the space H%:

Hi = {f =S ailpie)  {a}, € 52}

i
with inner product:
(Y aufe). Y binfe)) = aib
i i K i

We observe that, if a > 3, HE C 'Hf( C L*(v), with
Hi = M. Note it is easy to see that {u?e; }$2, is
an orthonormal basis for H%. We also observe that
if:

Zp?e?(x)<oo VeeX (2)
i=1

then H% can be viewed as an RKHS whose repro-
ducing kernel is equivalent to that of the integral
operator T on L?(v) (Proposition 4.2 in [Steinwart
and Scovel| (2012)). Even, when is not satisfied,
we denote this kernel as k%(z,y) = >, piei(x)e;(y),
and write [|[k%||oc = Supyex Doioq pE€7 (), if the
latter quantity is finite. Hence, we may identify

% = ran TV% . A detailed development of RKHS
interpolation spaces can be found in [Steinwart and
Scovel| (2012).

2.3 Conditional Embeddings on
Interpolation Spaces

We develop the notion of conditional embeddings on
interpolation spaces. We begin with the following
definition:

Definition 2.3. Let T': ’H% — My, be a (possibly un-
bounded) operator for some 8 > 0 and let v € (0, 3).
Let I, : H? — H? be the canonical embedding.
We define the operator norm || - ||4:

HT| |5»’Y = HT o IE,’y,u

|’H}/( H’HL
where both norms may possibly be infinite. When

B =1, we simply write || - ||

Our definition of the interpolation norm is motivated
by the following observation:

Lemma 1. Suppose Cy|x : Hxg — H is well-defined
according to Definition Then, for any § € (0,1),
Cy|x o If 5, is the conditional mean embedding from
’H% to Hy (by Definition with Hg replaced by
Hiy).

When the conditional mean embedding from ’Hf{ to
‘Hy is well-defined, we denote it as C)ﬁ/' - Note, im-
plicit in this definition of Ci/il  is the assumption
that ”Hf( is indeed an RKHS, i.e. it satisfies condi-
tion . Thus, from Lemma we observe that if
Cy|x and Cg\x are well-defined, then ||Cy |x|[s =

||C'€| «||- The following result further elaborates the
relationship between the operator norms || - || and
-1l

Lemma 2. Let T : 'Hf( — H 1, be an operator. Then,
for any v € (0, 8), we have that:

1
ITlg = 1T 0 CR L gz

where C[’?,’y,u = I;,'y,ulﬁ-,%l’

Our motivation behind introducing the Sobolev
norms in Definition stems from our desire to
study operator convergence over the interpolation
spaces Hf( A distinguishing feature of our analysis
is that we do not assume the existence of the CME
Cy|x over H, but merely over some interpolant
C€|X (8 € (0,2)), which maps k°(z,-) € Hf{ to
py|z (we are primarily interested in the misspeci-
fied setting 0 < 8 < 1). Since, we cannot approxi-
mate Cé‘ « directly (as the exponent 3 is typically
unknown), we construct the regularized approxi-
mation C))>|X € L(Hg,Hr) (which is always well-

defined and bounded) and “pushback” to 7—[?( via
the composition C’))}‘X o I 5,. We observe that

(C{\/\X °© If,,@,y)kﬁ(ﬂfa') = {\/‘Xk(m,') = u%, ie.
C;)}|X oI 5, maps the canonical “feature” k°(z,-) in

’Hi to the regularized mean embedding “g\’lfc €Hr.

Thus, the use of Sobolev norms here is primarily

a mathematical construction employed to compare
operators defined over different domains — in ap-
plications, we are mainly interested in estimating
l|ty'|z — fiy |2z, i.e. the distance between the sample
and true embeddings of the conditional distribution
P(-|z) in the output RKHS H. Bounding the lat-
ter distance provides insight into the sample error
involved in computing the conditional expectation of
a function g € Hy, as

|<g’ﬂY|x>L - E[Q(Y)‘Cﬂ” = |<gvﬂY\x>L - <97MY\:C>L|
< lwyie = fiviellzllgllc
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(note that (g, fiy|)r is typically not an expectation
of g with respect to some distribution, but simply

an approximation of the true expectation E[g(Y")|z];
see |Griinewélder et al.| (2012b)) for more details). If

7—[% is continuously embedded in L>(X) (i.e. k7 is
bounded), then we can obtain uniform bounds on
l|ty|z — fy|z||L over all x € X, by estimating the
operator distance HC});‘X olfg, — C}ﬁ,‘zH. Indeed, we
have:

|1y |o
<|[Cyix o I3 5. — CF I (z, )]
>~ Y|X 1,8,v Y|X ) B
<|IE?JoolICyix 0 T g — CY ikl (3)

In the following section, we discuss the various pa-
rameter regimes in which such bounds are attainable.

Remark (Abuse of Notation). In light of Lemma [T}
for the remainder of the paper, when Cél  1s well-

defined, we abuse notation and simply write ||C’y| X —
Cy|x||p to express ||C’Y|X olf g, — C&XH, even when
Cy|x is not well-defined /bounded, in order to make
explicit the distance between a sample estimator and
its “true” value. Similarly, for any v < 3, we define
[ICyix = COyixlly as |[[Cy|x o 7, — Cg\x oI5l

2.4 Assumptions

We state some assumptions similar to those in |Fis-
cher and Steinwart| (2020) — namely, we impose
conditions on the decay of the eigenvalues of T,,, the
boundedness of a kernel interpolant, the conditional
kernel moments of our target distribution, and the
boundedness of Cﬁ/il - Below, we discuss how the
latter assumption is weaker than the direct gener-
alization of its analogous hypothesis in [Fischer and
Steinwart| (2020)) for scalar-valued regression.
Assumption 1. There exists a 0 < p < 1 such that
cf% < < C’f%, for some ¢,C >0

Assumption 2. Thereexistsa0 < p < a < 1
such that the inclusion map ¢ : HY — L*™(v) is
continuous, with ||i|| = ||k*||] < A for some A > 0
(we define « as the smallest value satisfying these
conditions)

Assumption 3. There exists a 0 < p < 8 < 2 such
that ||CY || < B < %

Assumption 4. There exists a trace-class operator

V :Hp — Hp and scalar R > 0, such that for every
re X and p>1:

| P2p—2
@p)!R"

]Em[((L(Y, )= Hy ) ®(L(Y, ')—NYlw))p] s 2
(4)

— ivielle = ICyix 0 I g, )k (2, ) = (CF Ok (2, )L

2.4.1 Discussion/Comparison of
Assumptions

Although they are listed separately here, assump-
tions [ and [2] are indeed highly related as they both
(implicitly) impose conditions on the summability

of powers of eigenvalues of 7,,. Indeed, under an ad-
ditional assumption of uniform boundedness of the
eigenfunctions e;, assumptions [I] and [2 can be shown
to be equivalent for certain domains of o and p. A
comprehensive discussion of the relationship between
these two assumptions can be found in [Fischer and
Steinwart| (2020); [Steinwart and Scovel| (2012]).

Assumption [3| characterizes the continuity of the
“true” conditional embedding operator. Note, a dis-
tinctive feature of our approach is that we not only
allow the CME to exist over any fractional RKHS
7—[%, but additionally only require that the CME

is bounded over this space. This contrasts strongly
with existing operator-theoretic literature (Song

et al. 2009, |2010) where the CME is required to

be Hilbert-Schmidt (or equivalently belong to a prod-
uct RKHS in the regression formulation of |Park and
Muandet| (2020)) in order to achieve explicit learn-
ing rates. The significance of this relaxation can

be seen in the trivial example when ¥ = X and

1 — 3 < L: indeed here, it can be easily seen that

C}€|X = I 5, and hence HCQXH = u}fﬁ < oo while
107 x s = Ei2y ™7 > 22,671 = 0. More,
generally, it can be shown that if 05‘  exists, then
it is automatically bounded when Ey [I(Y,Y)] < oo,
i.e. when [ is bounded (see Lemma [3] below). Note,
however, compared to the scalar regression case in
Fischer and Steinwart| (2020), this introduces the
condition that p < B, which is trivially satisfied
when #% is an RKHS (Proposition 4.4 in Steinwart
and Scovel (2012))). We are able to remove the latter
condition if we require C’gl « to be Hilbert-Schmidt,
which would be a direct generalization of the source
condition in [Fischer and Steinwart| (2020)) (this trade-
off is directly indicated in the remark following the
proof of Lemma |§| in Appendix B).

We are primarily interested in the misspecified /“hard
learning” scenario when 0 < < 1, the regime
where the conditional embedding is not bounded
over the RKHS H g, as this is where our framework
improves on the related literature. Note that since
the interpolation spaces are descending, the regime
with 1 < 8 < 2 simply collapses to 8 = 1, which
has already been analyzed in Song et al.| (2010). We
only include this regime here, to demonstrate that
we can generalize the learning rates from |Fischer and
Steinwart| (2020) almost exactly. We now demon-
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strate the relationship between Assumption [3] and
the hard-learning scenario:

Lemma 3. Assumption [3]is equivalent to
sup)| )|, <1 [[E[f (V)X = l[gs = B < oo for some 3

with 0 < p < 8 < 2. IFEy[I(Y,Y)] < o0 and O}
exists, then Assumption [3]is automatic.

Lemma [3] captures the generality of our approach —
notice that unlike the classical framework of CME,
we do not require E[f(Y)|X = -] € Hk for f € Hy.
Indeed, by Lemma [3| E[f(Y)|X =] € H? must only
lieinall- HH?( ball of radius B for all unit vectors

f € Hp. Intuitively, the act of conditioning on X
must map Hy, continuously into 7—[%, which is strictly
larger than Hy for 5 € (0,1) — the misspecified
setting.

Recall that in the previous section, we demonstrate
that uniform convergence rates are attainable when
a < B (note that Assumption [2| automatically quali-
fies H$ as a bounded RKHS). This setting is attain-
able in many common settings — for example, when
k is a Matérn kernel of order v > 0 on a bounded
open subset X C R? with strong Lipschitz bound-

ary, k% is bounded for all a € (de, 1)

Example 4.8 in |Steinwart| (2019)). Moreover, in this
scenario, the condition p < 8 translates to requiring
HYy =2 WH(X) for s > 4.

(see e.g.

Assumption [l may be viewed as an “operator subex-
ponential” condition that controls the norm of the
conditional operator MGF. Like Assumption
Assumption (4| can be weakened to Ey,[[|I(Y,-) —

By o [1(Y,)]][2] < G252 (for o € R) if Assump-
tion [3] is replaced with a stronger Hilbert-Schmidt
criterion (which would be the natural generalization
of the corresponding assumptions from [Fischer and
Steinwart| (2020) to operator-valued RKHS). How-
ever, Lemma [4] demonstrates that Assumption [4]is
satisfied when the output RKHS also satisfies a vari-
ant of Assumptions suggesting that the tradeoff
we choose here indeed achieves more generality.

Lemma 4. Let 7 be a measure on ). Suppose Hp,
is compactly and injectively embedded in L?(r),

is bounded (sup,cy /I(y,y) = £ < o0), and T has
spectrum {(n;, f;)}32, (where T is defined on L?(m)
analogously to T, above). Then, if n; = O(z’*q_1>
for 0 < ¢ < 1,and K = sup,cy >0y 0] f7(y) < oo
for some v € (0,1 — ¢), we have that Assumption 4 is
satisfied for R =20 and V = KCL 7.

Thus, Lemma [4] demonstrates that we can reduce As-
sumption [4 to a condition on the RKHS H, instead
of a constraint on the conditional distribution Y |x.
Moreover, although Assumptions [I] and [2] are more

restrictive than the measure-theoretic frameworks
of Mollenhauer et al.|(2020) and |Park and Muandet
(2020)), these hypotheses do not impose conditions
on the conditional distribution P(Y|X) or the CME,
but instead prescribe the relationship between the
kernel and the measure v = Px. A crucial feature
of our analysis involves establishing explicit learning
rates that are adaptive to this relationship between
kernel complexity (Assumptions [1| and [2) and the
CME continuity (Assumption .

As mentioned previously, Assumptions [I] and [2] are
borrowed directly from [Fischer and Steinwart| (2020)).
However, our assumption [3| requiring only bounded-
ness of C’gl  1s significantly weaker than the Hilbert-
Schmidt condition that would result from a direct
generalization of the source condition in [Fischer and
Steinwart| (2020) to operator-valued RKHSs. Indeed,
the use of a more general source condition in As-
sumption |3 and operator subexponentiality in As-
sumption [4 distinguishes our analysis from that of
Fischer and Steinwart| (2020)) and requires the devel-
opment of additional approximation machinery to
obtain operator norm learning rates (see Appendix C

and section |3.1)

2.4.2 Example: Markov Operators

To further demonstrate the generality of Assump-
tion [3] we consider an example involving Markov
transition operators, which have recently found an el-
egant connection to CMEs (see e.g. Mollenhauer and
Koltai (2020); [Mollenhauer et al.| (2020)). Although
this example is presented to provide a concrete com-
parison with existing applications of conditional em-
beddings (Griinewalder et al., [2012b} Lever et al.|
2016)), it should be noted that the argument applies
to any setting where the input and output variables
range over the same measure space (i.e. X =Y).

Let {X;}+>0 be a Markov process on a state space

S c R% Fix 7 > 0, and let p,(y|r) = P(Xiyr =
y|X: = x) be the conditional transition density.
Then, we may define the Koopman operator P, act-
ing on an observable ¢ € F in some suitable function
space F by:

(Pr)(x) = /S P (y]2)6(y)dy

In applications, we are often interested in building
empirical approximations to P, which typically re-
quire restricting the domain of P, to an amenable
space. Recently, kernel methods have been proposed
for this purpose (Klus et al., |2020; Mollenhauer

et al., [2020; [Klus et all 2018]), where F is set to
some RKHS H typically over L?(v) (here v is the
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stationary measure invariant under P). Indeed, Klus
et al.|(2020) demonstrate that when F is an RKHS,
the Koopman operator P; is simply the dual of the
conditional mean embedding mapping P(X; = -) to
P(X;yr = -), thereby enabling the straightforward
application of CME machinery towards the empir-
ical estimation of P.. However, their construction
notably requires P, to be invariant over H g, which
as mentioned in |Mollenhauer et al.|(2020) and Das
and Giannakis| (2020) is quite restrictive, and equiv-
alent to the assumption that the CME of p, exists
from Hy to Hg. Notably, this assumption often in-
troduces a model error by requiring the (possibly
weak) approximation of P, in L(Hk,Hk). We ob-
serve that this assumption is significantly relaxed in
our framework — indeed by Lemma [3| we require
that P, merely be a bounded operator on Hx with
range in ’Hf( for some § € (0,1] (the latter space
being strictly larger than H i when 8 < 1). Hence,
we may apply the new misspecified learning rates
developed here towards the data-driven estimation of
the Koopman operator P, in much broader settings.

3 TECHNICAL CONTRIBUTIONS

We first present our main result in Theorem [5| As
expected, we achieve a faster learning rate as v — 0,
i.e. as the norm || - ||, weakens.

Theorem 5. Suppose Assumptions 1-4 are satisfied,

and that sup,cy ||y 2|z < C < oo. Then, let

1
Ap < (#) mede Bl gor some > 1. Then there
exists a constant K > 0 (independent of n and 9),
such that for 0 <y < 3:

Bz
n ) 2max{a,B+p}

. S
1y = Crixly < K log(6™) (1o

with probability 1 — 24.

The exponent illustrates that the learn-

ing rate hinges quite naturally on the comparison
between a and 3. Intuitively, the exponent « charac-
terizes the boundedness of our kernel, while 3 charac-
terizes the boundedness of the conditional mean op-
erator. The sizes of a and 8 are related inversely to
specification, with our problem being more strongly
specified as @« — 0 and 8 — 1. We therefore expect
to achieve faster learning rates for low o and high

B. Indeed, when o > 23 (i.e. the kernel is relatively
poorly bounded), then @« = max{«a, 8 + p}, which
will limit the magnitude of the exponent and lead

to a slow learning rate. Conversely, if 8 > «, then
we can bring our learning rate arbitrarily close to
% > 1 (by Assumption . Note, in this regime,
the Sobolev norm learning rate || - || is only useful for

establishing uniform convergence rates when v > a.
Indeed, by , here we can obtain a uniform error
bound in ||fty |, — pty|s||z for the sample conditional
mean embedding fiy|, over all z € X'. Moreover, as
we will see later in Lemma [6] the exponent o — 3
characterizes our ability to control the worst-case
bias of our estimator sup,c » ||,u§\/|x — py|z]| as A = 0,
which likewise relates directly to the convergence of
the sample embedding operator.

Remark. We note that the additional assumption
Sup,ex ||yl < C is not very restrictive, as this
is easily satisfied when the kernel ¢ is bounded (re-
call we do not place an a priori assumption on the
boundedness of the output kernel ¢).

Corollary 5.1. Suppose the hypotheses of Theorem
Then, if 8 > «, we obtain, with probability 1 — 24
and constant K > 0:

B—a

A 1 n ~2(B+p)
sup [lfovia = oyallz < K log(8 )(logr n)
We emphasize that we are able to achieve learning
rates roughly matching those in [Fischer and Stein-
wart| (2020) for scalar-valued regression, despite only
requiring the continuity /boundedness of our target
Cyix
condition imposed on the regression function in [Fis-
cher and Steinwart| (2020). Moreover, we note that
we obtain a roughly similar oen hase observed in
Grunewalder et al.| (2012al) for finite-dimensional
RKHSSs, which is unsurprising as the latter is based
off the regularized learning rates of |[Caponnetto and
De Vito| (2007), which is foundational in the scalar-
valued kernel regression literature.

rather than the stronger smoothness source

3.1 Proof of Theorem [5]

To estimate the error ||éy|X - Cyixlly =

||C‘YX(C'XX +A)~L - Cy|x||~, we follow the standard
procedure by separating into bias and variance terms,
and bounding each term independently. Namely, we

write:

ICy1x = Cyixlly < [ICyix — C3ix|ly + [ICFx — CY\X(\!;)

Our main tool will be Theorem [7] where we estimate
the variance by notably applying the subexponen-
tial condition in Assumption [f] and a new operator
Bernstein inequality derived in Lemma C.3 in the
Appendix, which may be of independent interest.
Lemma C.3 is crucial in our analysis, as it enables
us to quantify the variance in directly in opera-
tor norm, rather than embedding the operators in
a product RKHS, which implicitly requires them to
be Hilbert-Schmidt (see discussion in e.g. [Park and
Muandet| (2020)); Mollenhauer and Koltai (2020])).
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Like in [Fischer and Steinwart| (2020), our variance
bound in Theorem [7]is expressed implicitly in terms
of the worst-case bias. Hence, we first discuss the
estimation of this bias term ||Cx)>|x - Cyx|ly-

3.1.1 Bounding the Bias

In the following result, we seek to estimate sev-
eral different measures of the bias between Mi\’l ¥
and py|x, that relate to the various spectral prop-
erties of the covariance operators arising in The-
orem [7} We will see that while the “average” bias
EX[H,L@/'X — py|x||3] can always be shown to decay
polynomially at order 8 — p as A\ — 0, estimating the
worst-case bias is less straightforward. Notably, we
can only demonstrate the polynomial decay of the
latter quantity when 8 > «, i.e. the “nice” regime
when the conditional embedding can be expressed
as a continuous operator acting on bounded RKHS,
leading to uniform convergence rates in the output
space Hy. When 5 < «, we can merely bound this
worst-case bias in a way sufficient to achieve the
learning rates in Theorem

We argue that imposing a continuity constraint on
C@l y in Assumption (3| is more natural for study-
ing uniform convergence of fiy|,, rather than the
stronger Hilbert-Schmidt criteria often imposed in
vector-valued regression. Indeed, estimating the bias
163, — vl and sample error ||y, — piyells, in-
volve quantifying distances in the output RKHS H,
the codomain of the true (CelX), sample (Cy|x),

and regularized (Cg\,‘ ) conditional embedding op-

erators. Since py |y, fly|s, and ,ug\/lm lie more specif-
ically in the range of their respective operators

(05\;« éy‘x, and C)’\,lx), intuitively, it is sufficient
to constrain the operator norms of the latter to ob-

tain uniform upper bounds in Hy. However, we must

note that additionally requiring C’g‘  to be Hilbert-

Schmidt would allow us to achieve the polynomial
decay of the expected bias in for any 5 € (0,2),
without requiring § > p as in A ssumption(elab—
orated in the remark following the proof of Lemma
[6]in Appendix B). We view this tradeoff to be quite
minor with respect to elimination of the Hilbert-

Schmidt requirement on C% (as discussed in sec-

Y|X
tion 2.4.1)).

Lemma 6. Suppose Assumptions 1-4 and
SUP,cx ||yiz||z < C. Then, there exists a constant
D > 0, such that for all 0 < v < 8 < 2:

Ex[||p3x — pyvix||i] < DBXP7P (6)

M*(\) = sup [y, = 1117 < (CF +[[k[12 B2 AP+
(7)

My = |[El(y)e — 1312) @ (v — 1y 12)]l] < B2N (8)

ﬁ7
1C21x — Cyixlly <BAZ 9)

3.1.2 Bounding the Variance

We now present our primary estimate, where we
demonstrate that for sufficiently large n, the “vari-
ance” of the sample CME (in || - ||y) can be estimated
implicitly via the bias. Specifically, we use a new op-
erator Bernstein inequality (detailed in Appendix

C) and the framework of Theorem 16 in [Fischer and
Steinwart| (2020), to demonstrate the concentration

of C’Y|X around Cy|x for a fixed .
Theorem 7. Suppose Assumptions 1-4 hold. Let 0% =
tr(V) (where V is defined in Assumption [4). Define:
N =tr(C.(Cy +2)71)

Q = max{M(\), R}

[|Cu[ + A
gx = log (2eN(\)————
( [ICu 1| )

px = E[(Ni\f\x — Hy|x) ® (M?f\x - ,UY\X)]

= max { T SECREA oy o I o)
2 2 [E~112
B(9) = log (4((20 M ()\))A;(;‘) + th(m)))

Then, for n > 8||k%||% log (6™ )gaA™:

‘|CY|X - C;\XH"/ <3\ 2 (16Q||I)€\%H:B(5) + 8\/@)

(10)

with probability 1 — 2§

The proof of Theorem [5] then follows by substitut-
ing the bias estimates in Lemma |§| into (10)), com-
bining with the operator bias bound in and

considering the behavior of the resulting bound as

1
- log" n max{o,B+p}
S

as n — oo. A full proof of
these three results can be found in Appendix B.

4 DISCUSSION

In this paper, we derive novel learning rates for con-
ditional mean embeddings under a new misspecified
framework that significantly relaxes the Hilbert-
Schmidt criteria currently required to guarantee
uniform convergence on infinite-dimensional RKHS.
This relaxation reduces the need to explicitly ver-
ify the smoothness of the learning target, which can
often be difficult or counterintuitive. Our results
hopefully enable the much broader application of
existing ML /RL algorithms for conditional mean
embeddings to more complex, misspecified settings
involving infinite dimensional RKHS and continuous
state spaces.

There are several remaining questions. Firstly, com-
plementary lower bounds would be required for The-
orem [5| to ensure the results presented here are in-

deed optimal. Given the ease in matching the upper



Prem Talwai, Ali Shameli, David Simchi-Levi

bounds from the scalar-valued setting in [Fischer and
Steinwart| (2020)), we suspect that our learning rates
are likewise optimal in this setting, however verifying
this would require further analysis. A further inter-
esting question involves exploring how the framework
developed here may generalize to other regulariza-
tion approaches, such as spectral regularization, or
quantile/expectile regression.
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Supplementary Material:
Sobolev Norm Learning Rates for Conditional Mean Embeddings

A Proofs for Sections [2.3] and [2.4]

Proof of Lemma[ll We must demonstrate that Cy|xolig, ’H,f( — H, satisfies the definition of the conditional

mean embedding in Definition where the input space is taken as ’H% (instead of H ). Thus, we must show
that Cy|x o Iiﬁyykzﬁ(m, ") = Wy|.. We first observe that, for any f € Hx and z € X', we have:

<Il,5,l/f’ k/ﬁ(m>)>’Hf{ = <fa kﬂ(‘r’ )>H’;
= f(z)
= <fa k(x7)>K

Hence, we have that Ifﬂwkﬁ (z,-) = k(x,-). Therefore, by the definition of Cy|x in Definition m we have:

(CY\X o Iiﬁ,u)kﬁ(xa ) = Cy\xk(x, )

= HKy|z

and we obtain our result. O

8
Proof of Lemma[3 Since {p7 €;}32, is an orthonormal basis for ’H%, we may express any [ € H% as f =

8 8
Yoo (o p? ei>7{§“z‘2 e;. Hence, we have:

B « B
(f, Cﬁ,’y,u(ﬂf ei)>yf< =(f, Iﬁ,a,,u—rﬁxy,u(/%? 6i)>yf{
B

= Lp ol Ipy0 (17 €)1y

B
= <f7 :U’i2 ei>’H}(

o0

8., 8, 8
= <Z<f’ 2 ei>7.[f(/h' €iy [ ei>7—l7

i=1 K

_ ,B= g .
= K <f7 1% el>7{f{

ol
where the final step follows from the fact that {u2e; filﬁis an orthonormal basis in H}.. Hence Cj -, is a

positive self-adjoint operator on 7—[% with eigenvalues {y; "}$2; and an orthonormal basis of eigenfunctions

8
{nf ei}i2y. Moreover, since Cg = I, Ig . by definition and I , , is the canonical embedding of Hﬁ into
He, it follows that the action of I, : Hy — 7—[?( can be characterized as:

B=7,.

I ,ei=p; 'e; v—almost surely (11)

for all i € N. Now, let B2 denote the unit ball in £2. Then, we have that for any linear operator T : Hf( —
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Hr:

HT| |B,v = HT °© IE,%V

ol
- sup | Sand@ors, e
aEBzg i
_
= sup || Y p; Zai(Te) by ([11)
a€B,2 i
8=y ]
= sup || aip;* T(pfe)
a€B2 i
1 B
= sup Zai(ToCﬂ?my)ufel
a€B,2 i
1
=[ToC3,

B8 2
where again the last and second equalities follow from the fact that {u? e;}ien and {17 €;}ien are orthonormal
bases in 7-[?( and H )., respectively. O

The following result demonstrates that if Ey [¢(Y,Y)] < oo, then C)ﬁ,‘  is always bounded when it exists.

Lemma A.1. Suppose that C€|X exists and Ey [¢(Y,Y)] < co. Then, C€|X is bounded.

Proof. Define Cs xy = Exy[k?(X, ) ®(Y,-)]. Note, that this operator is analogous to the cross-covariance op-
erator C'xy defined in section except that the feature vectors k(x,-) have been replaced by k°(z,-), since

Cp,xy maps between the RKHS H; and ’H?(. Similarly, it is easy to see that the embedded covariance opera-
tor of X over 7—[% is simply Ex[k?(X,-) ® k#(X, )] and equivalent to Cg, = I5 0., 15,00 (as defined in Lemma
and Definition note here I3, is simply the embedding of ’Hf{ in L?(v)). Thus, by the discussion in sec-
tion and Klebanov et al.| (2020), it follows that when Cg\x exists it is given by (C;g 0,Cs.xy)*. Hence, in

order to demonstrate that ng/‘  is bounded, we must only demonstrate that Cp o, and Cg xy are bounded
and then apply Theorem A.1 in Klebanov et al.| (2020)). It is clear that Cg o, shares the same eigenvalues as

TF (just as T, and C,), and hence ||Cj0.,|| = 1} < co. To see that Cp xy : Hy — ’H?( is bounded, we note
that, for f € Hp with ||f||r <1, we have:

1Cs.xy Fllag, = [Exv 6" (X, )Y, ), £

.
< e [Exy 0 (x, ) VIV Y|, (12)
< Exy |6 (X, )| VIV, V) (13)
=Exy[\/k (X, X)I(Y,Y)]

< Ex [k (X, X)Ex [I(Y, V)] (14)
< 00 (15)

where follows from Cauchy-Schwarz, follows from Jensen’s inequality and the fact that ||f||;, < 1,
follows from Cauchy-Schwarz, and finally follows from the assumption Ey[¢(Y,Y)] < oo and the

fact that Ex[k# (X, X)] = Ex[> 0, 1l e2(X)] < oo, since 7-[/[3( is implicitly an RKHS (since the CME Cxﬁf\x

is well-defined) and hence satisfies (2)). Hence C3 xy is bounded, and our result follows from Theorem A.1
in [Klebanov et al.| (2020]). Moreover, if Assumption [1|is satisfied for some p > 1, it follows that since co >

Ex[k?(X, X)] = Ex[Y, pfe2(X)] = 3502, 4 > ¢3272,i77 ', that 8 > p. O

3
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Proof of Lemma[3 Let g¢(-) = E[f(Y)|X = -]. We observe that for every x € X

9¢(x) = Ey . [f(Y)] (16)
={/, MY\1> (17)

= (f,CF x ¥ (@, ) (18)

= () K (2, ) (19)

Since gf € ’Hf( by assumption (recall this is implicit in the existence of C’g‘ ¥ Hf( — Hp), we have that
gf = (C}ﬁ,‘x)*f. The result then follows from:

|‘C€\X||2 sup Z fa y‘XMIL ez>

NflL<159

B
T \2

= su 2e s s

p E Cyx) I 1 )38,

Il <1 =
= sup gr P2
||f||L<1,Z; B

= sup Hgfll 5
flle < Hi

The second part of the lemma follows directly from Lemma O

Proof of Lemma[j} We first note that, here 7 may be any measure, and we only require that the compact

imbedding H, < L?(r) be injective (which ensures that {77? fi}$24 is indeed an orthonormal basis for Hy, by
Theorem 3.3 in [Steinwart and Scovel (2012)) Let g¢(x) = Ey,[f(Y)], for f € Hr. Then, we have that:

Eyio [ ((0Y:) = ivie) © (Y, ) = ivia)) | = EviallUY: ) = P72V ) = pyie) © QY ) = payo)
< (207 Ey (1Y) = pvie) @ (Y. ) = iy ) (20)
< (20 2y (Y, ) @ 1(Y, )] (21)

where follows from the fact that uy |, = Ey|,[I(Y,-)] by definition and ||I(y,-)|| = /I(y,y) <[ by assump-

tion. Now, since:
)=> mifily)f
i=1

converges pointwise (Theorem 3.3 in [Steinwart and Scovel| (2012)), we have that for any h € H,

(h, Uy, ")) < anfz >
S(;n?ff )(Zn hmfz)

< K(h,CL7h) (22)

where follows from the fact that K = Y72, ) f2(y) < oo by assumption, and in (22)), C is defined
analogously to C, in section Hence, for all y € Y, l(y,) ® I(y,-) < KCL™7 and:

Eyie [ ((107) = i) @ (07) = iyia)) | < R0 2By 1Y, ) @ 1Y, )] < K (202721

Finally, tr(C’}f”) = Y. = ¥, 077 < oosince y < 1 — g. Hence, we obtain our result with
V = KC1 and R = 2. O
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Remark (Assumptions in Lemma . A particularly illustrative case of the assumption 7; = O(i*q_l

occurs when the 7); decay exponentially (such as when [ is the Gaussian kernel and = is the Lebesgue mea-
sure), in which case it is easy to see that the decay condition holds for any ¢ € (0,1). Moreover, we note

that our boundedness condition H D ien i Tf? < o0 is significantly weaker than requiring the uniform

boundedness of the eigenfunctions (sup;cy ‘|f1||Loc(y) < 00), the latter of which is often violated even for C'*°
kernels (see discussion in |Steinwart and Scovel| (2012) and |Zhou (2002)). In fact, for the kernel in Example 1

of Zhou (2002), it can be shown that the requirement H Sien i f?

) < 00, is satisfied for any choice of
L= (Y

v € ( In 8 1) despite ||fi|| Lo (y) growing exponentially. Most importantly, Lemma demonstrates that we

In16°
can replace the requirement on the conditional distribution Y|X in Assumption with a condition on Hy and
thereby eliminate any constraints on P(Y'|X) in our hypotheses.

B Proof of Theorem [5

Proof of Lemma[6 We first note that:

pyix = Cyx(Cxx + A k(z, )
=Eyx[l(y,) ® k(z,))(Cxx + X k(z,)
= OF xEx [k (z,) @ k(z,)](Cxx + A)'k(z, ") (23)

where follows from the fact that py|, = Eyx—,[[(Y,-)] = C’g‘xkﬁ (z,-) by the definition of the conditional
embedding Cg‘ y on Hf(. We then observe that:

Ex[k?(2,-) ® k(z, ))(Cxx + \) " "k(z EX{(Z,JZ Jei) @ (Z,ulel ei) | (Cxx + 2 k(. )

(Z /1’1+ﬂ61 & ez) C’XX + )‘)_lk(‘rv )

o 148
( Mz el ® ei)k(x, )
o 148

_ i ,

— ; G ei(z)e;

We thus have that:

i x — vix = O (Bx (b (2,) @ b, ))(Cxx + 1) (e, )) = OF b (a, )

1+ﬂ
=P

Y\X( > lh i(w)e; _iﬂiﬁei@)@i)
-3

y|X/% 62( )ei
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Thus, we can write:

— A
sl = il =B [[| 3 5 Ol es(X0e
i=1 v

= )\2||Cxﬂ/|x|2i ()\—Flmr

< DXP||CY X||2

where the last line follows from Lemma [D.2] Moreover, we have, for any z € X:

S(Z(%) e2()) 110y |1
S(sup( >\+M ) ) ZM 3€|X||2

< MR 1% 107 x I

when 3 > a (here (24) follows from the fact that {ul e;}72, is an orthonormal basis for Hf{ and the last line

follows from Lemma 25 in [Fischer and Steinwart| (2020)). When 8 < «, we have that:

i 2

u+)\

el = H )

[ e CF e
AT kel

= (X (B ) i) 03l

< VRO |2

where again the last line follows from Lemma 25 in [Fischer and Steinwart| (2020). Thus, we have for all cases:

iyl = #3all < HMY\IHL + iyl
<C+

|lso|IC: \x||
-8B+
Pl

<(C+ Hkanmucaxnw
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where we have used the fact that we may assume the fixed A <1 (as the \,, — 0 in Theorem . Moreover, we
have:

IE[(1y1e — #312) © (yje — 132)]I17 = Hfs‘l‘lpqE[(f, By e = Hye) 1]
L>

B
= S N M Jé] g . 2
- lfbuquE[(; A+ g <f’CY\XMi €z>L> }

B
D N (A e T (25)
HfHLSl i=1 )\—’_lu’l
B
A-pi\? 2
< L 3
< (sup ()\-i-,lh) >||fbl|le<12;<f7 y|X,UZ €z> (26)
< M|y kI (27)

where follows from the fact that Ex[e;(X)e;(X)] = 6;; (as {e;}32; is an orthonormal basis for L?(v)), and

8
the last step follows from {u7? e;}52, being an orthonormal basis in Hf{ For the final part of Lemma |6 we
observe that like before:

Ceix = Cyx(Cxx + )"
CY|X x [k (z,-) @ k(x, )|(Cxx + )~
1+5

_ZN T\ Y\Xei@et (28)

Recall that:

1C31x = Cyixlly = IC31x 0 1 = C3 xc 0 T ]

ol
by definition (see remark after section . Now, observe that for any element f = Y. a;,u?e; € H) with
{a;}$2, € £2, we have that:

X
(C€>|X °© Ii%l’)f = (CX):'|X o Iify,y) ( Z ai,uiz ei)

= 3)>|X<Zaiui_%ei) (29)

00 148
M. X
(S ) (St ) "
146-3
_Z e — O e (31)
i=1 i +

where (29)) follows from (11}, (30 follows from (28) and noting that ), aiugfgei € Hg, since p; — 0 (as
1

C, is compact) and 1_77 > 0 (as v < 1 by assumption); and (31]) follows from noting that {©7e;}52; is an

orthonormal basis in Hg. Similarly, we have that:

(C{iIX © Il**mu)f = (Ciﬁ/\x © IE,A/,V)(Z%M?@)

i

_
— Zaiuf 2 C€|Xei
i
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Thus, we have that:

||C§)>|X - CY|XH’Y = ||C})>|X © Ii’y,y - C(}ép( © IE,’y,uH

B
A " . B
= sup H(CYlX o Il,'y,V - C€|X o Iﬁv’%’/)(ZaiMiZ ei)HL
[[(ai)s2, |l,2=1 i
[e ] B—vy
a;\ - Iy 2 P 8
- - H — 5 Cyxhie
@), lla=1"1 = i+ A X Hi

A ﬁ;’Y
CHy ) B
< C
= (Sll}p L+ A I Y|X||

B—n
S [leiapa]

O

Remark (Expected Bias for Hilbert-Schmidt C}ﬁ,‘ +)- Observe that when C}B,‘ « is Hilbert-Schmidt, we have, by
the above proof:

i
i

— A
xlllayix = 1 x 3] = Exc | > mCﬁ.Xu?exX)ei

e[| 25 ot e

- Z (3 Iy ) NS e el

<N ||CY\X||HS

8
where the last line follows from Lemma 25 in |Fischer and Steinwart| (|2020I) and the fact that {2 e;}5°, is

an orthonormal basis of ’H’B Thus, when CY‘ « is Hilbert-Schmidt, we can achieve polynomial decay of the
expected bias for all 8 € (0, 2).

Proof of Theorem[7 We begin like in the proof of Theorem 16 in [Fischer and Steinwart| (2020)). Namely, ap-
plying Lemma [2] we write:

||CY|X CY\X”'Y = ||( Y|X — CY\X) OCI s A (32)
I

vix = CPix) © | (33)

(
(CYX(C'XX + A= Oyx(Cxx + /\)_1)C§H
<|[I(Cyx — Cyx(Cxx + A" HCxx + M) (Cxx + A) 2|

[[(Cxx + )\)E(CXX + ) HCxx + )\)%H”Cg(cxx + A)_%H (34)

where follows from Lemma I 2| and (B3) follows from the fact that C) ., = C1=7 = O, since C -, has
elgenfunctlons {uz e; }2, and elgenvalues {lh ~7}%2, (see proof of Lemma |2 I in Appendlx . Note here, we
have used the notatlon C’X x instead of C), to remain consistent with the expanswns of Cy‘ x and CY| « in the

literature. We primarily focus on bounding the first factor on the RHS of (34)), as the remaining factors can
be estimated simply as discussed previously in [Fischer and Steinwart] (]2020[). To start, we again imitate the
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approach from the proof of Theorem 16 in [Fischer and Steinwart| (2020). Namely, we have:

Cyx — Cyx(Cxx +N) " HCxx +A) =Cyx — Oyx(Cxx +\) ' (Cxx + A+ Cxx — Cxx)
=Cyx — Oyx + Cyx(Cxx + X)) H(Cxx — Cxx)
=Cyx — Oyx(Cxx + M) 'Cxx — (Cyx — Cyx(Cxx +A)'Cxx)
= Cyx — Oyx(Cxx + N 'EE(X,) @ k(X, )] — Cyx
+ Cyx(Cxx + A 'E[k(X, ) @ k(X, )]
= B[(L(Y;) = i3y x) @ k(X, )] = BI(L(Y; ") — g3y x) @ k(X )]

We now wish to apply Lemma to bound this deviation. Let h(X,-) = (Cxx + A)"2k(X,-). We first write:
(L(Y,-) — M?f\x) @ h(X,-) = (L(Y,") — py|x) @ h(X,") + (py|x — ﬂ?qx) ® h(X,)

Then, applying Corollary we can write:

(L) = mx) @ B, ) (L) = i) @ h(X, )| < 227 L) = a7 (h(X ) @ h(X,)) T (35)
b = vl (X @ h(X, ) (36)

() = 120 @ B (L) = i) @ B(X)) ] < 227 IR [ (L) = vix) © (LY ) = i)
(37)

+ ((M?qx — pyix)® (/‘?’IX - HYlX))p} (38)

Hence, we have four terms to consider. We begin first with the RHS of :

B{IL(Y, ) — pyixl[F (AOC ) @ BX ) TS BILCY, ) =y B7RCE IR (A ) @ A(X )]
= Ex [Byx 1LY ) = oy 7] - IR )1 (R(X ) @ (X, )|

R?P=2(2p)lo?

< B g [l B (h(x ) @ B(X. )] (39)
ko ggpfl)RQp—Q 2p !0.2

< I O g [h(x. ) @ h(x, ) (10)
ko ggpfl)RQp—Q 2152

_ H || 2)\a(p71) ( p) CXX(OXX +)\)—1 (41)

where we have taken the trace of both sides in Assumption |4/ to obtain and have applied Lemma to
obtain . By a similar reasoning, we have:

|[k~[|2272R* 2 (2p) N (W) V
2\ (p—1)a

N

E[|1506 7 (L) = pvix) @ (L) = pvi)) ] (42)

for the RHS of after again applying Assumption 4 Note the only difference between the adjoint moment

in and (41)) is that we have taken the trace of Cx x(Cxx + A)~! (N (N)) in the former instead of tr(V) =
a?). Now, for (36, we have:

p
E[(Ilavpe = i x ERCG) @ h(X, )| =B llivix = b PR32 (X, ) @ (X, )|
M(\ 2p ke 22772 B
CMOPINE oy
_ oMM k22
o 2\ (P—De

Oxx(Cxx +A)7!
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where we recall the definition of M()) from Lemmal6] Finally for

(2p)!M (X)*@ D] [k]|2
2P

E[(M?\X — py)x) ® (43 x — MY\X)]

E[HMA/\X - MY\XHQL@_DH}Z(Xa ')||§?((M?f\x - MY\X) & (Mi\f\x - MY\X))] <

Let @ = M(A\) V R and py = ]E{(,Ltyp( - ui‘,‘x) ® (hy|x — ;@‘,‘X)] Then, we can apply Lemma with
V =2(c? + M?*(\))Cxx(Cxx + )7L, W =2N\)V + QHk | S5 = py. Then, we have that, with probability 1 — §:

I(Crx — Cyxe(Cxx + N (Crcx + M)(Cxex +2)H < JAUR B0 8\/@

Azn

where:

px = E{(Mi\/\x — Ky|x) ® (M?f\x — [y|x)

B ka 2
0 = max{(0® + MEODIICINIC + 0 NV + Ll 1y
8(5) = Io (4((02+M2(A))N(A)+(02N( )+ L5 "wEx[HumX umxlil)))
The last term in is bounded as follows:
1—vy 1 /,6 7 o4
[|Cx% (Cxx +A)72|| < sup M; FSA?

Finally, for the middle term, we may follow the proof of Theorem 16 in [Fischer and Steinwart| (2020) exactly
to obtain:

I(Cxx + X2 (Cxx +A) " H(Cxx + N3] <3

for n > 8]|k%||%, log(671)gx A~ with probability 1 — & (for brevity, we do not repeat this argument here) .
Putting these together, we obtain our result. O

Proof of Theorem[5 We must first demonstrate there exists a ng € N, such that for alln > ng, n >
8]|k“||%, log(671)gx, A, @ in order apply the result in Theorem |7} Since A, — 0, we can let A, < min{1,||C,||},
from which we obtain:

8[|k(12, 1og (6 ga, A ™ 8||k|[2 log(6— 1)\, @ O]+ An
n n °g< N = )
all2 571 )\704
B T - )
n
 8||k*||2 log 4M;e - log(6~ )N, N 8pl|k* |12, log(6~ )X, log A, !
n n

a2 —1 —a
where follows from Lemma Thus, in order to demonstrate Bkl 1080 Joanrn® _, 0, it is sufficient

n
—a —1
to show % — 0. This follows from the fact that:

A, %log A\t _ (logn)lfﬁfm

11— o
n n max{e.B¥p}

(log n) 1= m‘dx(gf;xﬁ‘FP}

after substituting for A,, and observing that — — 0 as n — oo since 7 > 1. We now estimate
n

[e3
max{o,B+p}
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each term in . We first have that:

B(6) = log

(4<<02+M2<An>>N<An>+UW< M)+ B 103 — umnm)
no

402 + M2OW)N () 402N (A,,) + AEIS

- log( N wEx[HleX MY|X|%]> “logé (44)
= N (@2 + M2ODCIIC ]+ X) 7! IV OV + I )
1612 A
402N (\n) AN () 4A7a°°EX[||ﬂy|X */tY|X||L]
1 —log d 45
% (Rl * TETG T T3 NIV ) ~lot (45)
< log (N1A;P +N2A£*a) —log§ (46)

@2 2
for Ny = W + \A\L%LIJI and Ny = Akl DB Note, . ) follows from the definition of 1 and the fact that

M[[V]]
maxtf\(\iﬁflgll} < tﬁ(A‘?‘) + II(BH) for any self-adjoint operators A and B; . ) follows from the sublinearity of the

operator norm and the fact that py, = 0; and . ) follows from applying Lemmas -, -, @7 and noting
that we can restrict A, <1 (which allows the absorption of the constant term HV2|| into N7). Thus, it follows

that 8(6) < N3log(6~1- Ay , maxia=p, p}) for some N3 > 0. Moreover, we have that:

Q=M VR
- _(a=B)y
< (C+|keocB)A\n 2 VR
_(0‘*5)4_
< Ny, 2 (47)

for Ny = max{C + ||k®||cc B, R} (Where the penultimate step follows from applying and the final step follows
since we can again assume A, < 1). We also have:

) k2.
= max{(o + MEODICIIIC + 2~ Vo + Bl
< max{(0” + NI A, D) C(C|| + X)) M|V + B2[E*[[2 A, A0} (48)
< N5\, max{p,a— B} (49)

for some N5 > 0. Note, in , we have applied , , and Lemma Thus, we have that:

16Q[IA I 0) nﬁ(@)

ICyix = Coxlly < 3007

)\ﬁn L
— 3 (2N k]| B(6) N5B(9)
< 24\, - - (50)
( n}\niﬁ LS n)\glaxma—ﬂ})
-3 B(9) o B(9)
<o), nA;nax{p,a—ﬂ} (2Nl e+ (@ B) s —max{paB] N)

where follows from and . Then, like in the proof of Theorem 1 in |[Fischer and Steinwart| (2020)),
4

we consider the inner factor for our two parameter regimes. When p < a — 3, we have that A\, < ( n ) ,

log™ n
and thus: (%) (571 AB—=)
8 N3log(6~1- A=) . logn
Tl)\%‘*‘((x—ﬁ)ﬁ——max{p,a—ﬁ} = n)\% B 10g(6 ) . (logr TL)

aﬂa,m’i@nax{p,a,m — 0 when p < a — . Similarly, when p > o — 3, we have

Thus, since r > 1, it follows that /\
n

1
that A\, =< ( o ) HP, and:

log™n

B(9) < Nzlog(d=1 -\ P)
n}\%+(a7ﬁ)+*max{p»a*5} = n)\er(a*ﬁ)er

ratr(a—f)y—rp  — kw)
:log(5*1)~0<(logn)1_ﬁfp+n ( Ate )
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at(a=pB)

Thus, since 1 — Tﬁg > 0 by the assumption that p > a — 3, we again have 80

n}\z+(ﬂ*3)+*mHX{p,&*ﬁ

7 — 0

when p > a — . Hence, we can bound, \/ )\a+(a75)€_(§2nﬁx{l’wa*5) by NZ/log(6—1) for some constant Ng > 0.
NAn

Thus, putting this all together and combining with the bias bound ||C})}|X —Cyixlly < BA\% in @D, we obtain
by :

I[Cyix — Cyixlly < ||Cyx — Cfo|x||w + ||C§\/|X - Cyixlly

< 240, M(2N4llk“|oo\/ B©Y) +N5) + BN
n

n)\gax{p,a—ﬁ} /\g+(a—ﬁ)+—maX{p7a—B}

log(6—1) - B(d)
n)\;naX{pa B}

5 log(6—1)B(9)
= )\n (N7 n}\glax{ﬁJrPﬂ} + B)

< 24\,

(2N Nol K| + N5

_ 1
) max{a,B+p}

where we have set Ny = 24(2N4Ng||k*||oo + N5). Now, noting that A, =< ( n

T by definition, we
g n

observe that:

B log(d! - ")
n/\g1ax{6+p,a} - n/\IIIaX{B-H)va}

- log(61) + log(\n max{a— ﬂp})
< (A pal

_ log(67) +log(A, "™t
- n)\gax{Ber,a}

(51)

< log(6=1) +logn — loglog” n

- n - log;‘LTn
< log(6=1) + logn
- log" n

where ) follows from the fact that )\;ﬁ > las A, — 0. Hence, since 6 < 1and r > 1, we have that
% = O(log(671)) as n — oco. Thus, we have, that there exists a K > 0 not depending on n or d, such
that 5y

ICy1x — Cyixlly < Klog(6™")An®
with probability 1 — 24. O

C Concentration Bounds

Lemma C.1. Let X, X5, ... Xy be i.i.d self-adjoint operators on a Hilbert space V', with:

E[X;]=0
E[X?") < WV VpeN
V]l = o
where V' is a trace-class operator. Let 6 > 0 and §(4) = log ( t;é;/ ) Then, for ¢t > % + ﬁ\/ﬁ" we have that:
H* 4Rﬁ 25(5
NI

with probability 1 — 4.



Prem Talwai, Ali Shameli, David Simchi-Levi

VEL, X2y)IEl(y, X2 ~2y)] < /G2y vy) < GRG0y /By Thus, letting S = 2R,
we have, by the usual construction:

Proof. We first note that for odd p > landy € V, we have E[(y, XPy)y] = E[(Xiy, X' 'y)y] <

E[eex]zuiwgfw

I+Z 252

2 oo
+ fg ;(GS)J'

V302V
2(1—08S)

V862V
m)

< exp( (52)

where the first equality follows by assumption. Let g(0) = 2(%295). Equipped with this result, we then have:

N
(I o o) < ElFEE R A 1]
N <
i=1

—60t—1

Eltr(e™ Zic1 Xi — J)]
<
- et — 0t —1

< tr(exp(Zl 1logE[ #57) - 1)

( \ng(N toyv I)

- eflt — 0t —1

tr(V) e\/gNg(N”@)IIVH -1
< .
il et — 0t —1

tr(V) eIt eVBNg(NT10)| V|| -0t
< .
~ IV eft — 0t —1

where follows from the iterative application of the operator concavity of tr(exp(A +log X)) in X (see e.g.
Tropp)| (2015)), . follows from applying (|5 , and (| . ) follows from Lemma 7 5 1in Tropp (2015) and the

observation that f(t) =€’ — 1 is convex with f(0) = 0. Applying the bound —<— <1+ 3 for a > 0 (see e.g.
the proof of Theorem 7.7.1 in Tropp, (2015))), we obtain:
N
1 tr(V) 3 VENG(N-19)0%—0
P(l% t) < =7 (L gagg )V
N & U)o + 9212 )
2 L opt)2 N2
< tr(‘Q/) (1 N 3(v8a 2—1—4 Rt) )exp( B t )
o N2t 2(v/802 + 2Rt)
. . . _ 2 2

after setting 6 = %, noting S = 2R, and observing that v/8No2g(N~10)—0t = 2(\/§i'v2t+2Rt) - \/gaj\;iQRt <

_Wiﬂ%)' We consider only the case where Nt? > V/8c2 + 2Rt, noting like in Theorem 7.7.1 in (Tropp| (2015)

that the Chernoff bound above is typically vacuous when this restriction is violated. Solving this quadratic
inequality, we obtain the more amenable expression: ¢ > % + 4/ ﬁ—i + %. Thus, applying the fact that

0.250.

\/a—&—bg\/&—f—\/l;, Wehavethautfortz%—&—8

N
1
P(lx
N “4
i=1

=

4tr(V) Nt?
)<= exp(‘m)
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The result follows from setting the RHS equal to §, solving for ¢ using the quadratic formula, applying the
triangle inequality to this solution, and noting that V2 < 2, we obtain our result. O

3
Remark. We emphasize the qualification ¢ > % + 2\/41\13 in Lemma is not very restrictive as the derived

Chernoff bound is typically vacuous when this restriction is violated (and therefore is avoided by choosing
sufficiently small §. For brevity, we therefore omit this restriction in the below generalizations).

Lemma C.2. Let X3, X5,... Xy be i.i.d operators from V to W, with:

E[Xi] =0
2p—2
mlxix < Ty e
2p—2 |
slxxy < Ty v e n

max{||V], W[} = o*

where V and W are trace-class operators on V and W, respectively. Let § > 0 and 8(5) = log (M)
Then, we have that:

4Rﬁ 4RB(5) 25(9)

2 P S
+ 20 N

5
with probability 1 — 0

Proof. We generalize the approach from [Tropp| (2015) — namely we define the “dilation” operator T; on
W x V that maps T; : (w,v) — (X v, X;w), where X} denotes the adjoint of X;. Then, it is easy to see

that T; is self- i||- Thus, we can apply Lemma to
the T;. Indeed, observe that T? : (w,v) — (X;X}w, X} X;v), and hence we have that E[T?"] : (w,v)

(E[(X X*)P)w, E[(X*X)P]v). From this, we obtain that E[T*] < WU, where U : (w,v) — (Wuo, Vo).
Our result then follows from Lemma O

Lemma C.3. Let Hx and Hy be RKHSs on X and ), respectively. Let X1, Xs,... Xy be i.i.d rank-1 opera-
tors from Hyx to Hp, with:

2p—2
slxix < Ty e
2p—2 |
Blxx < Ty vy e

2
max{||V]], W[} = o*

where V and W are trace-class operators on X and Y, respectively. Let 6 > 0 and §(6) = log (M>
Then, we have that:

I35 < 250

with probability 1 — §
Proof. We observe that:
E[((X; — E[X:))*(X; — E[X.))"] < EllIX, — EXIEE V(X — E[X.)* (X — E[X.])]
< 27 (E[IXl I8 X0 X0 + | ELG)EVEXIERG)  (56)

< APE[ XG5S X X) (57)
= 4PE[(X] X,)"]
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where and follow from the convexity of \|X||?{(§71)\|Xf|\§, for any f € Hg by Lemma and

the definition of the semidefinite order, and the last step follows from the fact that X; is rank-1 and hence

|| X|[fR 2 X7 X; = (X X;)P. We can show a similar conclusion for E[((X; — E[X;])(X; — E[X,])*)?] from which
the result follows by Lemma[C.2] O

D Auxiliary Results

Lemma D.1. Let #;,H2 be Hilbert spaces, and let Lyg(H1, H2) denote the space of Hilbert-Schmidt operators
from H; to Ho. Then, for any y € Hi, the functions f : H; — R* and g : Lus(H1,H2) — RT given by
f(z) = \|33||,2’Lf1 (y,2)3,, and g(A) = \|A||ilps||Ay||3_£2 are convex for all p > 1 in the semidefinite order.

Proof. We must show that for any z,2 € H; and X,Z € Lyus(H1,Hz), the functions f(f) = f(z + tz) and
g(t) = g(X + tZ) are convex in t € R. Observing that f and g can be expressed as: f(t) = (||z]|3,,t* +
200z, 2y -+ 12,7 (0 2)20, + (g2, )2 and 5(0) — (1 Z]3sf? + 20(X* 0 20t + || X[ B (1 ZyllEe, 2 +
20(Xy, Zy)n, + || Xyll3,,), the claim can be readily verified by taking second derivatives. O

Corollary D.1.1. Let H be a Hilbert space, and let £1(#) be the space of rank-1 linear operators on #. Then,
the operator-valued function ¢ : H — £1(H) given by g(u) = (u ® u)P is convex for any p > 1.

Proof. By the definition of the semidefinite order, we have g is convex iff the real-valued function fy,(u) =
[|u]|?P=2(y, u)? is convex for all y € H. The latter follows from Lemma O

Lemma D.2. Suppose Assumption [I] holds. Then, if 5 > p, there exists a constant D > 0 that depends only
on 8 and p, such that:

Proof. We have that:

oo 12 0o B8_4
I 15 2
;</~Li+)\) ;(1+/\ui1)
oo (C—px)—%-&-p’l 2
= /0 ( 1+ A(CPz)p ) do (58)
e [Z Ly
— \B-p 2/0 ( T (O ) dy (59)

where follows from Assumption |1} and follows after making the substitution \’x = y. Now, observe

that:
G )_f;ﬁﬂrl 2 o (7P )—plea 2
/0 ( 1+y(0’1”y)’f1 ) dy:/o ((c/C) +y(c*z7y)*p*1) dy

1 (™ )_p;lﬁ 2 > (cP )—@ 2
- || (st o+ | (s e @

1 L8_q C? oo B
C\ 2 1
< il -p B
_/0 (C) clyﬂLCQ,ﬁ/1 y " Pdy (60)
=D
< 00 (61)

where follows from the fact that g < 1 and Lemma 25 in [Fischer and Steinwart| (2020), and the last line
follows from (3 > p. O
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The following two results, which are from |Fischer and Steinwart| (2020) (and were originally discussed in
wart and Scovel| (2012)), characterizes the boundedness of the kernel and the “effective dimension”. We include
them here for completeness .

Lemma D.3. Suppose ||k%||occ < c0. Then, we have that:
1(Coxx 4+ N) 72X, [ < A5

Proof. From definition, we have that:

(Coxx +N7HR(X, ) = 30 [~ e (@) (uf er)

; i + A '
-5 BT et
Thus:
Cox + AR < (max220) S e a) < A a2
i+ A ;
by Lemma 25 in [Fischer and Steinwart| (2020). O

Lemma D.4. Suppose Assumption [I| holds. Then, there exists a M; > 0 such that:

N = tr(C,,(C’y + )\)*1) < MAP

Proof. See Lemma 11 in [Fischer and Steinwart| (2020]) O

Lemma D.5. Suppose Assumption [I| holds. Then, there exists a M > 0 such that:
N(A) > MoA™P

Proof. We have that:

o0

Pl U A

—1
cx™P
> ——dzx
- 1 C.’L'ip_l + )\

e c
S N S—
/1 Ctrar

o0 c
N R
| e

where the last line follows from making the substitution y = APx. Then, our result follows from observing
floo # = Mj < oo since p < 1 by assumption. O

Lemma D.6. Let Hx be a Gaussian RKHS over R? with kernel K (z,y) = exp( — HJU%HQ) for some o > 0.

Then, for every 8 € (0,1), ’Hf( contains constant functions.

Proof. We only treat the one-dimensional case d = 1 and note that the more general case follows easily from
the argument of [Steinwart and Christmann| (2008)). By [Minh| (2010)), we have that:

oo

HK:{f:e 7Y wa :||f\|K527<oo}
k=0

2k
k=0
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Thus, we have by definition:

o0 20 2 28k (L1
HK - {f =e o2 kg_owk.l' . ||f”HB = E T < 0

k=0

For any ¢ € R, we have that:
2 2 O 2k
22 cx
k=0

Thus, we may define way, = 3757 and wag11 = 0 for & € N. Therefore, we have:

N

QN‘ 5

o
I
)
af;

ZOO o7k ((2k)!)°
2
Hng’HB =cC 4ﬂk k') U4k

i (C)
2
Z 4Bk k'

Let ay = W. Now applying Stirling’s formula n! ~ +/ 27m(%) , we have (for sufficiently large k):

ay, ~ 20~ ,B)k(ﬂ_k> GAB=1k2(B—1)k

k
Noting that since 8 < 1, for k > w we have e2(1~ B)k(wk) oA Bk 2(B—1)k (%) . Thus, we have

llggll3s = Y pep ar < 00, and we obtain our result. O
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