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Abstract: The mean shift (MS) algorithm is a nonparametric method
used to cluster sample points and find the local modes of kernel density
estimates, using an idea based on iterative gradient ascent. In this paper
we develop a mean-shift-inspired algorithm to estimate the maxima of re-
gression functions and partition the sample points in the input space. We
prove convergence of the sequences generated by the algorithm and derive
the rates of convergence of the estimated local maxima for the underly-
ing regression model. We also demonstrate the utility of the algorithm for
data-enabled discovery through an application on biomolecular structure
data.
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1. Introduction

The mean-shift (MS) algorithm is a well-known method to cluster sample points
and find the local modes of kernel density estimators (KDE) using a gradient
ascent idea. This algorithm was introduced by Fukunaga and Hostetler (1975),
and was generalized by Cheng (1995). It finds wide applications in image seg-
mentation (Comaniciu and Meer, 2002) and object tracking (Comaniciu et al.,
2003). The algorithm has thus far no counterpart that partitions sample points
in a regression setting and estimates the local maxima of regression functions. In
this paper we propose a regression mean shift algorithm to fill this gap and study
the theoretical properties of our maxima estimators for regression functions.
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Let (X,Y) € R xR be a random pair, and r(z) = E(Y|X = z) be the regres-
sion function. Suppose that we observe i.i.d. sample points (X1, Y1), -+, (X, Ys)
that have the same joint distribution as (X,Y’). Here the goals are (1) to es-
timate the set of local maxima of r, and (2) to partition the input space or
the points {X3,---, X, } according to their connection with the estimated lo-
cal maxima. The plug-in method is a natural way of achieving goal (1). In
other words, suppose that we have a good estimator r,, of r, we can use the
local maxima of 7, as the estimators of the local maxima of r. In fact, this
idea has been used in Miiller (1985, 1989) using the Gasser-Miiller (GM) kernel
regression estimator, and in Ziegler (2002) using the Nadaraya-Watson (NW)
regression estimator. However, the plug-in approach does not directly render an
algorithm to find the local maxima, which is usually challenging because the
local maxima are only implicitly defined through the regression estimators. Re-
lated to goal (2), partition-based regression methods include CART (Breiman
et al., 1993), MARS (Friedman, 1991), and SUPPORT (Chaudhuri et al., 1994),
among others. Different from the above works, the space partitioning idea in our
approach is based on the geometric characteristics of regression functions. More
specifically, we use the basins of attraction associated with the local maxima of
regression functions to define the partition. Input space partitioning for regres-
sion functions has many applications, for example, clustering for house price
(Liu et al., 2016), segregated homogeneous neighborhoods studied in sociology
(Legewie, 2018), and division of disease risk zones in epidemiology (Gaudart et
al., 2005). The regression MS algorithm we propose in this paper uses a modal
clustering idea and is simultaneously useful for the above two goals.

We briefly describe the idea behind the original MS algorithm, in order to
elucidate the main differences and challenges in extending the MS algorithm
to the regression setting. Let f be a differentiable density function on R?. For
a fixed @ > 0, consider a sequence of points, starting from zo € R, defined
iteratively by

Vizes) psy) (1.1)
ACTAY)

Having f in the denominator quickly moves points in low-density regions to
higher-density locations. Since Vlog f(z) = Vf{g) for all z € R? such that
f(z) > 0, the procedure in (1.1) can be understood as a gradient ascent algo-
rithm applied to log f, with x4 = limy_,, xy, if it exists, as a local mode of f
under regularity conditions. With a random sample drawn from f, one can get
a KDE f defined in (2. 1) below, replace f by f in the above iterative procedure
and generate a sequence 7;, j = 0,1, - -, with Zy = @, so that Too 1= lim,_, o Ty
is used as an estimate of xo,. The MS algorithm implicitly uses a o< h?, where h
is the bandwidth of the KDE, and groups starting points zy to the same cluster
(i.e., basin of attraction) if their destination Z is the same. The gradient ascent
nature of the MS algorithm has been studied in Arias-Castro et al. (2016). See
Fig 1.1 for an illustration.

One appealing feature of the MS algorithm, which is perhaps also why it is
so popular, is that, the convergence of the algorithm can be guaranteed under

Ty =2T¢-1t+a
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Fic 1.1. Partition of domain for the trimodal function (K) in Wand and Jones (1993). The
black curves are the contour lines of the function; the three local maxima are represented by
X symbols; the red curves are gradient integral curves starting from the solid triangles; the
domain of the function is partitioned into three parts represented by three different colors,
using the modal clustering idea.

some mild conditions when the kernel function is appropriately chosen. There
is no requirement for the step length, i.e., the quantity a in (1.1), which is in
fact implicitly determined by h in the MS algorithm. See Ghassabeh (2015),
and Yamasaki and Tanaka (2020). When the MS algorithm is applied to modal
clustering, the number of clusters does not need to pre-specified, but rather
depends on the chosen bandwidth.

Ideally, the MS algorithm can be extended to a nonparametric regression
setting, by replacing the density f in (1.1) with a regression function estimator
7y, in order to estimate the local maxima of the regression function r and their
associated basins of attraction, which can then be used to naturally partition the
input space. However, this extension does not appear straightforward, related
to the following aspects:

(1) The regression function r and its estimator r,, are not always non-negative,
so that it is not always meaningful to consider logr or logr, directly,
while it seems that the logarithm transformation plays a critical role in
the convergence property of the MS algorithm without any requirement
for the bandwidth choice;

(2) The regression function r has a quotient form as a conditional expectation.
The regression estimators that adopt a similar form (such as the NW re-
gression estimator) have more tedious gradients than those of KDE, which
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makes the mean-shift implementation using such estimators no longer en-
joy the same convergence property as the original MS-type algorithm. See
Remark 2.1 below for more discussions.

Briefly speaking, we handle the above two issues in the following way: For (1),
we apply a positive transformation to the observed response variable Y7, --- | Y};
For (2), with the transformed response variables we use a regression estimator
developed in Mack and Miiller (1989), which is a variant of the NW kernel
estimator, but enjoys a simpler form of gradients (and higher order derivatives).
With this equipment, here is a summary of our contributions in this paper.

1. We present a regression mean shift algorithm that is used to partition the
sample points in the input space and estimate the local maxima of r. We
prove the convergence of the algorithm under mild conditions, which does
not have a requirement for the bandwidth (see Theorem 2.1).

2. We give uniform rates of convergence of the Hausdorff distance of the sets
of local maxima between our estimator and the truth (see Theorems 3.2
and 3.3).

Related literature. For clustering and maxima estimation related to regression
models, there is a MS-type algorithm called the conditional mean shift (CMS)
algorithm, developed by Einbeck and Tutz (2006). The CMS algorithm is used
to estimate the local modes of f(y|x), which is the conditional density function
of Y given X = z. The algorithm searches for local maxima in the space of
y, with its output indexed by x, and has been used in nonparametric modal
regression studied by Chen et al. (2016). Note that the CMS is still an algorithm
of searching for the modes of (conditional) density functions, while the problem
we are studying here is to find the local maxima estimators for the regression
function E(Y|X = z) in the space of x. For this reason, we do not view CMS as
a competitor of the regression mean shift algorithm studied in this paper. The
input space partitioning idea using our regression mean shift can be interpreted
based on the Morse theory (see Milnor, 1963), which is also used in the Morse-
Smale regression developed in Gerber et al. (2013). Their method is specifically
applied to k-nearest neighbor graphs. Estimating the gradient and critical points
of regression functions can be also useful for variable selection (see Mukherjee
and Zhou, 2006).

We organize the paper as follows. First we present our regression mean shift
algorithm in Section 2 with its convergence proved. Section 3 includes theoretical
study for the maxima estimators. It is followed by simulation and case studies
in Section 4, where in particular we show the application of our algorithm to
biomolecular structure datasets. The proofs are given in Section 6.

2. Regression mean shift algorithm

Denote the marginal probability density function of X by f, and let

f(g;):#Z;K(m_hX”), z e R (2.1)
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be the KDE of f, where K is a kernel density function on R?%, and h > 0 is a
bandwidth. Denote Kp,(x) = K(x/h). We have the following kernel regression
estimator of r(z), proposed by Mack and Miller (1989):

=)
—~

8
=

1 KVYiKu(z = X))
=— ; 7]?(&) ) (2.2)

Note that if we take derivatives of 7, the differential operator only needs to be
applied to the numerator, which helps avoid the tedious form of the derivatives
of, say, the NW regression estimator.

Let K be a spherically symmetric kernel with profile £ : R>o — R, that is,
K(z) = g qk(||z||*), where ¢, q > 0 is a normalization factor such that c,;(li =
Jga k(||2|*)dz. Examples of K include the Gaussian kernel and Epanechnikov
kernel. Then we can write

. Chd ~— Yik(||z — X;?/h?)
r(z) = —4 Z = . (2.3)
nhe J(X3)
We will transform Y;,7 = 1,--- ,n by applying a strictly increasing positive

function £ : R — Rs. We consider the following two choices of .

T1 (Transformation 1): £ is a deterministic bounded function. For example,
&(z) = logistic(x).

T2 (Transformation 2): ¢ is a random function depending on Y, := min; Y;
such that {(z) = x + m(Y},)), where 7(Y[n)) = (=Yn) + c0)1(Y}) < co) for
some positive constant cy. Note that min; £(Y;) > ¢o.

Let Y = £(Y) and V; = £(Y;) > 0, i =1,--- ,n. Define

_ . Chd o= Yik(||lz — X2 /h?
i=1 i

(2.4)

which is considered as an estimator of 7(z) := E(Y|X = z). Define g(z) =
—k'(z) for all x € [0,00), assuming that the derivative exists. For any z € R?,
denote

g (llz — Xil*/h?)

w0 ="

: (2.5)

and define
> i wi(7)Y;

which is called the regression mean shift. Note that we have the following rela-
tion.

my(x) = —x, (2.6)

2kd = —Yi(z — Xi)g(||lz — X;||?/h?)

=

V7 (z) = Vi k(z) = ' )

T nhdt2
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:mr*yg(x)m*(x). (2.7)

Here 7, 4 is defined as in (2.4) for 7.y, where we replace k by g¢. In other
words, the regression mean shift m.(«) is proportional to V7, x(x)/7% ¢(x) up
to a constant coefficient, so that the following regression MS algorithm can be
understood as a gradient ascent algorithm.

Regression MS algorithm Our regression MS algorithm is as follows. Let
zo be a starting point in the domain of r (e.g., one of X;’s). Obtain 21, 23, - -,
iteratively from

Zj+1 = ﬁz*(z]) —+ Zj, ] = 0,1,2, s (28)

The limit of the sequence {zo, 21, -} is considered as an estimator of a local
maximum of r. In practice, the algorithm stops when the distance between two
consecutive points ||zj41 — z;|| is less than a pre-specified small threshold.

Lemma 2.1. If k is convezx and strictly decreasing such that —oo < k'(z) < 0
for all x > 0, then we have

(1) 7«(2;) converges,
(2) |lzj+1 — 2l = 0, and
(3) V7.(z;) = 0, as j — oo.

Remark 2.1. a). A related and alternative method is to use the discretized
gradient ascent with a constant step length based on a smooth estimator of
the regression function (such as the NW regression estimator). However, this
method requires the step length to be chosen sufficiently small; otherwise it is
well-known that there is an overshooting problem and the sequence can diverge
(see Bertsekas, 1999, Chapter 1). In contrast, the convergence of our regression
MS algorithm does not rely on requirements for step length.

b). It is natural to wonder if a MS-type algorithm can be developed based on the
gradient of the NW regression estimator, in a way similar to (2.7). The analysis
below shows such an algorithm is not effective in general. The NW regression
estimator using {(X;,Y;),s=1,--- ,n} is given by

_ N Yik(|le — Xol|?/h2)
Pw(®) = S e~ X 29)

Let w¥(z) = k(||lz — X;||?/h?) and w?(z) = g(||z — X;||*/h?). Let

i (@) = Tt () 3wt @)] - wt )3 Tk )]

It follows from a straightforward calculation that

Vrnw(x) :% Dict w:[(;:)niz ;fgz)]_; w:(m)x (2.10)
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If g  k (which happens, for example, when K is the Gaussian kernel), then
S, wi(xz) = 0, which makes it hopeless to get a mean shift form as given in
(2.6). Now suppose a kernel can be chosen such that Y ., w}(z) # 0. Then we
can write

Vinw(z) = = 5(x)maw (). (2.11)

where

Z?:l w; (z) i
Dois wi(@))? D wi (@)

the latter corresponding to our regression mean shift. Corresponding to (2.8),
the mean shift algorithm using mxw and starting from zq is given by

Z?:l w; (25) X j
Z?:l wy (25) ’

Note that in general the sign of wj is not always positive, and hence it is
not clear if a similar result as given in Lemma 2.1 holds for 7yw. In fact, a
simulation we ran shows the converge of the sequence generated by myw using
the Epanechnikov kernel for g is problematic. See Section 4.2. It appears that
the mean shift idea and the quotient form of the NW regression estimator are
not compatible.

3(z) =

Zj+1 :T/ﬁNw(Zj)—l-Zj = =0,1,2,---. (2.12)

We need to additionally assume that the critical points of 7, are isolated, in
order to have the convergence of our regression mean shift algorithm. The proof
of the following theorem is similar to that of Theorem 1 in Ghassabeh (2015)
for the MS algorithm.

Theorem 2.1. Suppose that the assumptions in Lemma 2.1 hold. If the critical
points of T are isolated, then the sequence of z; converges to one of the critical
points of Ty as j — oo.

2.1. Basins of attraction for regression functions

The maxima seeking algorithm in (2.8) can be used to partition the input space
into basins of attraction. This can be understood using the framework of Morse
theory (see Milnor, 1963). A similar perspective has been used to interpret
modal clustering using the MS algorithm. See Chécon (2015). Suppose that X
is a compact set of positive volume contained in the support of the density of
X. Also suppose that r is a twice differentiable Morse function, meaning that
all of its critical points are non-degenerate, that is, the Hessian at each critical
point is nonsingular. Let M be the collection of all local maxima of r, denoted
by x1,- -, Zm, where m is the cardinality of M. For any x € X, let ¢, : R — X
be the integral curve driven by the gradient of r, starting from =z:

do.(t)
dt

= Vr(¢z(t),t € R; ¢,(0) ==
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Then by the Morse theory, for any z € X, ¢,(00) := limy_, o ¢, (t) is one of
the critical points of r. In particular, for j = 1,--- , m, the basins of attraction
associated with z; is

Czy) ={z e X: ¢g(c0) =z;},

which is also called a stable manifold, or ascending manifold in Morse theory.
The sets in C := {C(x;),j = 1,--- ,m} are disjoint, and their union covers X
except for a set of zero Lebesgue measure.

Let us first consider the deterministic transformation £ in T1. Under regu-
larity conditions, one can show that r and 7 have the same ascending manifolds
(see Lemma 3.1 below). The regression estimator 7 is used to estimate 7, and
the sequence (2.8) is viewed as discretized estimation of trajectories of the in-
tegral curves driven by Vlogr. Let M be the set of all local maxima of 7,
consisting of 7y, -+ ,Z~, where m is its cardinality. For any z € &', let ¢, (oc)
be the limit of the sequence in (2.8) when zy = x. Define

C#;) ={r e X: ¢o(c0) =7}

Then C := {6(9?]) : j=1,---,m} also gives a partition of X (up to a small set
not covered), and can be used to estimate C.

For the transformation £ given in T2, the idea is similar. Using this trans-
formation, the regression estimator 7, is used to estimate

7i=1r 4+ 7(Y). (2.13)

Notice that 7 and r has the same ascending manifolds, assuming that 7(Y},)) is

bounded. So again C gives an approximate partition of X and can be used to
estimate C.

For both transformations, the sample points X1, -+, X,, in the input space
can be partitioned based on which basins of attraction they belong to, and this
idea is used in the simulation and case studies in Section 4.

3. Theoretical analysis of the maxima estimators

In this section we study the theoretical properties of 7, and its maxima as
direct plug-in estimators of the maxima of r. We derive the uniform rate of
convergence of 7, which further gives the rate of convergence of its local maxima
in Hausdorff distance. The derived rates of convergence for the local maxima
estimation match the minimax rate of mode estimation for density functions up
to a logarithm factor (see Remark 3.3).

We will use the following notation. For any d-tuple a = (a1, -+ ,aq) € N%, let
|a| = @y + - - + ag4. For an |a| times differentiable function g : R? — R, denote

0%g(z) = %g(m), x € R? For a composition of functions g; o ga,
we write 9%g1(g2(x)) = 9%(g1 o g2)(). Let Vg and V2g be the gradient and
Hessian of g, respectively. For any real numbers a, b, let a A b = min(a,b) and
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a V b = max(a,b). For simplicity of notation, for any n > 1, h > 0, j € Z,, we

denote 77(32 = (nh®+27)=1/2,

Throughout the paper X’ denotes a compact subset of R? with strictly positive
volume. For any § > 0, let X° = {x € R? : inf;cx ||z — t|| < J}. We will use the
following assumptions in our theoretical analysis.

Assumption A1l: The marginal density f of X satisfies inf,cx f(x) > &g for
a constant g > 0.

Assumption A2: f has three times continuous bounded derivatives on X for
some § > 0.

Assumption A3: r has three times continuous bounded derivatives on X' for
some § > 0.

Assumption K: The kernel K is a spherically symmetric density function
with its support contained in the unit ball of R%. K has three times continuous
bounded derivatives on R

3.1. Transformation 1

We first consider the transformation £ in T1. We can write the regression model
as follows:

Y;:T(Xi)+€ia i:17"'5n7 (31)

where €;,i = 1,--- ,n, are i.i.d random errors with mean zero. Note that this is
the regression model before any transformation is applied. We make the follow-
ing assumptions.

Assumption E: For i = 1,--- ,n, each ¢; is independent of X;.

Assumption T: £ is a strictly increasing function on R with three times contin-
uous bounded derivatives. Assume that there exist constants 0 < C, < C,, < o0
such that £(R) C [Cy, Cy].

For a twice differential function g, the index of a critical point x.; of g is the
number of negative eigenvalues of V2¢ at 2. We first show that the critical
points (including the local maxima) of 7(z) and r(x) are the same under the
above conditions.

Lemma 3.1. Assume that r is twice differentiable. For & in T1, under the
assumptions E and T, the critical points of 7 and r are the same with the same
indices. If v is a Morse function, then (1) 7 is also a Morse function, and (2)
the ascending manifolds of r and 7 are the same.

Remark 3.1. The above lemma implies that the local maxima of r can be esti-
mated by the local maxima of 7, as a plug-in approach, because 7 is considered
as an estimator of 7 as shown in Theorems 3.1 below.

In the following theorem we give the uniform rate of convergence for the
difference between 9°7 and 0°7, for all |af < 2.
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Theorem 3.1. For £ in T1, under assumptions A1-A3, K, E, and T, there
exist constants C > 0, ¢ > 0 and hg > 0 such that for all o] < 2, n > 1,
0 < h < hg, 7 > 1 satisfying nh? > c¢(r V |log h|) we have

p" ( sup [0°7, (x) — 0°7(x)| < C/7 V [log hly!eP + Ch(3*|a‘)“) >1-3¢".
rzeEX ’
(3.2)

Let A1 () be the largest eigenvalue of V2r(z),z € X. We can write the set of
local maxima of r as M = {z € X : Vr(z) =0, A\1(z) < 0}, which is assumed

to be nonempty. Let M be the set of local maxima of 7. For any two subset
A, B C R?, their Hausdorff distance is defined as

(A, B) = max { sup inf [la b sup inf la —b]]}.

To study dp (M, M\), we will use the following perturbation result for the set
of local maxima.

Lemma 3.2. Let R be a compact subset of R® with positive volume, OR be its
boundary, and U D R be an open subset of R%. Suppose that p : U — R be a
three times continuously differentiable Morse function. Let A1(x) be the largest
eigenvalue of V?p(x), x € R, and

M={zxeR:Vp(x)=0,\(x) <0)} and C = {x € R : Vp(z) =0},

be the sets of local mazima and all critical points, respectively, of p on R. Assume
that n = infyec d(z,0R) > 0. Let p: U — R be a twice differentiable function,
and M be the set of local maxima of p on R. There exists a constant cg > 0
such that if

sup max |0%p(z) — 0p(z)| < co,
z€R |a|<2

then p has the same number of local maxima as p on R, and
di (M, M) < - max | Vi(z) — V()|
H ) = )\* xe/\)j p p )

where Ay := —infrea Ar(x) > 0.

Remark 3.2. The Hausdorff distance between the sets of maxima of the true
and estimated functions is also studied in Chen et al. (2016, Theorem 1). As
a comparison, our result is given under weaker conditions. In particular, we do
not require their assumption (M2), which assumes that there exist 7; > 0 and
C3 > 0 such that {z : [|[Vp(x)] < 71,0 > —A\./2 > i (2)} € M/ (2dCs),

The following theorem gives an upper bound for dH(M,/\//T), as a direct
consequence of Lemma 3.1, Theorem 3.1, and Lemma 3.2.
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Theorem 3.2. For £ in T1, under assumptions A1-A3, K, E, and T, if
r is a Morse function and there are no critical points on the boundary of X,
then there exist constants C > 0, ¢ > 0, and hg > 0 such that for allm > 1,
0 < h<hgy, T> 1 satisfying nh?* > c(7 v |log h|) we have with probability at
least 1 —2(d + 2)%e~" that, M and M have the same cardinality, and

H(M,M\) <C(WTV |logh|’y§}z + h?).

Remark 3.3. a). When h = O(n*ﬁ)7 it is straightforward to show that
dH(M,M\) = O(n_ﬁ\/log n) almost surely, by applying the Borel-Cantelli
Lemma to the above result with 7 = 2logn. This matches the minimax rate
of convergence up to /logn of mode estimation for density functions, as given
in Tsybakov (1990, Theorem 3) with the smoothness parameter 5 = 3 therein.
The minimax rate of maxima estimation for regression functions under a similar
smoothness assumption is unknown to our best knowledge, and it is expected
to be the same as that for density functions. As a side note, in the case of a
unique mode, the maxima estimator using the k-NN regression, which is studied
in Jiang (2019), matches the minimax rate in Tsybakov (1990) with § = 2, when
k is appropriately chosen.

b). It can be seen from the proof that the constants in this theorem in fact do
not depend on the magnitude (e.g. variance) of noise €;. This is unlike the case
for the estimation of regression function itself, because we utilize a bounded
transformation ¢ and the property in Lemma 3.1.

3.2. Transformation 2

Next we consider the transformation £ in T2. We will replace assumption E by
the following assumption in our analysis.

Assumption E’: There exists a constant B € (0, 00) such that |Y| < B almost
surely.

Under assumption E’, we have 0 < 7(Y},,)) < B + ¢ almost surely. We can
write 7 () = 7(x) + 7(Y}n))t(x), where

Z (A ) (3.3)
=1

fx

which is an estimator of unity. Here 7 is considered as an estimator of 7, which
is given in (2.13). We still denote the set of local maxima of 7, by M, which
can be used to estimate M, because the set of maxima of 7 is the same as that
of r. The following result is similar to Theorem 3.2.

Theorem 3.3. For £ in T2, under assumptions A1-A3, K, and E', if r is
a Morse function and there are no critical points on the boundary of X, then

there exist constants C > 0, ¢ > 0, and hg > 0 such that for all n > 1,
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0 < h < hg, 7 > 1 satisfying nh® > c(1 V |logh|) we have with probability at
least 1 — 3(d + 2)%e™" that, M and M have the same cardinality, and

drg (M, M) < O(\/7V [Togh]y\) + h?).

4. Simulations and applications
4.1. Bandwidth selection

The selection of bandwidth is critical for the finite-sample performance of ker-
nel type estimators. In particular, the bandwidth h determines the number of
maxima and clusters using the regression mean shift. Since our regression mean
shift can be understood as an algorithm tracking the discretized gradient inte-
gral curves of the estimated regression function, a bandwidth producing good
estimators of the gradient of the regression function is expected to be suitable
for our regression MS algorithm. This can also be seen from Lemma 3.2. Based
on this observation, below we propose a bandwidth selection strategy for our re-
gression MS algorithm using a cross validation idea, although it is not meant to
achieve any optimality. There may be other suitable bandwidth selection strate-
gies that we have not explored, such as those based on the regression function
itself or the Hausdorff distance between the estimated and true local maxima
(see Zhou and Huang, 2019).

Let V7i(x) be a nonparametric kernel estimator of the gradient V7 (z), for
example, the gradient of the NW regression estimator Fxw(z), or the gradient
component using the local linear (LL) regression estimator. For j = 1,--- | n,
let V7, (—;)(z) be the gradient estimator as given in (2.7), but using the sample

points excluding (X, Y;). The leave-one-out cross-validation error is defined as

CV(h) =

S|

> IV7H (X)) = V7 (X)), (4.1)
j=1

which has computational complexity of O(n?). The least square cross validation
bandwidth hrgcy which minimizes CV(h) is proposed to be used for our regres-
sion mean shift algorithm. Note that V7} itself requires a bandwidth choice. For
LL estimator, one can use the gradient-based method as given in Henderson et
al. (2015). For NW gradient estimator, one can scale the optimal bandwidth
for NW regression estimator by multiplying a factor n!/l(@+4(d+6)] See Hen-
derson and Parmeter (2015, Chapter 5.5). We adopt the second method in our
simulation study.

4.2. Simulation studies

We ran simulations to show the effectiveness of our regression mean shift al-
gorithm (2.8) in partitioning the sample points in the input space and iden-
tifying the local maxima of a regression function. We considered the model
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F1G 4.1. Bozplots of the numbers of maxima/clusters across different bandwidths for trans-
formations T1 (left), and T2 (right) when n = 200 for 200 samples, with the overlapping
red curves representing the relative frequency of detecting two maxima. The number of true
maxima is 2, as represented by the horizontal dotted lines.

Y = r(X;) + ¢ as in (3.1), where r is a bivariate function with two local max-
ima. Specifically, r(x) = fi(x)+ fo(x), where f; and fs are the density functions

of N(p1,%1) and N(ug, ), respectively, with py = (1,1)7, 31 = diag(0.5,0.5),
po = (=1, =17, ¥y = diag(0.3,0.9); fori = 1,--- ,n, ¢ “Nd N(0,0.01), and X;

is i.i.d. truncated bivariate normal such that X;~N(us,¥3), with uz = (0,0)7
and 3 = diag(1.5,1.5) conditional on X; € [—2,2]%. In each run n = 200 data
points were generated from the above model as the input of our algorithm and
we repeated the procedure for 200 times. We used the Epanechnikov kernel for
g, and &(x) = 1/(1 + exp(—10z)) + 0.01 for transformation T1 and ¢y = 0.1
for transformation T2. Figure 4.1 shows the boxplots of the number of maxima
detected by the algorithm using grid points of bandwidth values, overlapped
with the relative frequency of correct bimodal identification (red curves). Using
the bandwidth selection strategy in Section 4.1, among the 200 replications the
relative frequencies that algorithm can correctly find two maxima are 78% for
T1 and 81% for T2, respectively, which are comparable to the peak values in
Figure 4.1. When we increased the sample size n to 500, the relative frequencies
of correct number of maxima reach 91% and 93.5%, respectively. These numbers
are as high as 94.5% and 97.5% when n = 1000.

To further evaluate the quality of clustering, we use the adjusted Rand index
(ARI) (Hubert and Arabie, 1985) to measure the similarity between the clusters
returned by the regression mean shift and its underlying model. The ARI has a
range [—1, 1], and a larger value represents a better quality of clustering, with
ARI=1 corresponding to a perfect matching. In Table 1 we report the averages
and standard deviations (among 200 replications) of the ARI values for the two
transformations applied to the same regression model as above. There is a clear
trend that ARI approaches to 1 as the sample size n increases. We note that
the result in Table 1 also shows the sensitivity to the distance of the two local
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maxima in the model, in the sense that the effect of decreasing the sample size is
comparable to that of moving data points (and hence the local maxima) closer.

TABLE 1
The table includes the averages and standard deviations (in parentheses) of the ARI values
using regression mean shift for various sample sizes n and the transformations T1 and T2.

n =100 n =200 n =500 n =1000 n =2000 n = 5000 | n =10000

T1 0.40 (0.27) 0.53 (0.24) 0.69 (0.16) 0.78 (0.10) 0.83 (0.07) 0.88 (0.03) 0.89 (0.02)
T2 | 0.46 (0.27) | 0.59 (0.21) | 0.70 (0.14) | 0.78 (0.10) | 0.83 (0.07) | 0.87 (0.04) | 0.88 (0.02)

In Figure 4.2 we visualize the outcome of the algorithm using a representative
random sample of size 200 based on T1, which shows the paths of the estima-
tion sequence in our regression MS algorithm, as well as the impact of different
bandwidths on the maxima estimation results. Not surprisingly, when the band-
width is small, there tend to be more local maxima (or basins), which can also
be seen from the boxplots in Figure 4.1. The bandwidth selection strategy given
in Section 4.1 works well with this sample.

With the same sample, we also tested the mean shift algorithm (2.12), which
is based on the NW regression estimator. Using the Epanechnikov kernel, the
sequence generated by (2.12) in not convergent and appears to be “chaotic”. In
fact, starting from each sample point, the algorithm has to stop after at most
20 iterations, because the sequence jumps to a location where there is no data
point within the distance of the bandwidth, so that all the weights become zero
in the next iteration. This issue arises because the weights w; are not necessarily
positive, and z;41 may not be in a neighborhood of z;, as argued in Remark 2.1.

4.3. Examples of applications
4.3.1. Partitions of protein energy landscapes

The proposed algorithm can be useful to obtain deep insight about the structure-
function relationship in biological molecules (biomolecules). In the application
highlighted here, we focus on protein molecules, which are ubiquitous in the
cell, and where the three-dimensional structures accessed at equilibrium (under
physiological conditions) often regulate a rich set of activities. Figure 4.3 relates
the results obtained when the proposed algorithm is employed to organize the
three-dimensional structures of the human H-Ras protein by their potential
energies.

The structures (data sets) of the human H-Ras protein are obtained via the
biophysical methodology described in Maximova et al. (2016) and Maximove
et al. (2018). This work obtains structures for different versions of human H-
Ras, the naturally-occurring, also referred to as the wildtype (WT) version, and
mutated versions, known as variants. In the WT version, the protein accesses
groups of structures that regulate its activity between an “on” and “off” state;
in the on state, H-Ras instigates cellular reactions that signal the cell to grow;
in the off state, such signals stop. In mutated variants, which are found in many
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F1G 4.2. Panel (a): The regression function is represented by the color in the background.
Black dots are the sample points. Red curves are lines connecting sequential points generated
from the algorithm in (2.8) starting from the sample points. The two x symbols are the
points of convergence. Using the method in Section 4.1, the selected bandwidth is 1.6. Panels
(b)—(d) shows the effect of the bandwidth choice. The sample points are partitioned (shown
by different colors) according to their points of convergence (represented by x ). There are 4
basins when h =1, 2 basins when h = 1.6, and 1 basin when h = 2.5.

disorders, the regulation is disrupted in some manner, but only a view of the
space of structures accessible can reveal exactly what, at the structure level, is
responsible for dysfunction. The proposed algorithm promises to reveal exactly
such organization of structures, as we show here.

From the structures/datasets produced by work in Maximova et al. (2016)
and Maximove et al. (2018) for the WT and a common oncogenic variant, Q61L
(the naming indicates the position where the naturally-occurring amino acid,
“Q”, has been replaced with a different amino acid, “L” in this case), we ran-
domly selected 2000 structures for each, WT and Q61L*. Each structure (data
point) comes with an associated energy value, which sums the physical inter-
actions among the atoms in a particular structure. These energy values (in the
original data sets) are all negative, and we used their absolute values in the
analysis, so that our regression mean shift algorithm can cluster data points
based on the local minima that they converge to.

*The data sets are downloadable at https://dx.doi.org/10.21227/331n-7019
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F1Gc 4.3. Each panel shows 2000 structures (as symbols %, V, and o) of the human H-Ras
protein, and each type of these symbols represents a cluster (basin) obtained with the proposed
algorithm, for which bandwidths are selected using the gradient-based LSCV method proposed
in Section 4.1. The symbols X are the local minima. To aid visualization, structures are
embedded onto the top two principal components obtained via Principal Component Analysis.
Symbols are color-coded by their potential energies in a red-to-blue color scheme showing high-
to-low energies. The left panel organizes structures accessed under physiological conditions by
WT H-Ras; the right panel does so for the mutated, oncogenic Q61L H-Ras.

Each panel in Figure 4.3 organizes the samples by their energies. Each dot cor-
responds to a three-dimensional structure. The red-to-blue color-coding scheme
indicates high-to-low energies. The left panel shows the WT form/variant of the
human H-Ras protein; the right panel shows the oncogenic variant known as
Q61L.

The proposed algorithm is used to group the structures accessed by each H-
Ras variant into local minima (to which we refer as energy basins). Basins with
many low-energy structures (blue dots in Figure 4.3) correspond to stable and
semi-stable structural states. The left panel in Figure 4.3 shows two such basins,
one on the top left and one on the bottom right. More low-energy structures are
contained in the basin shown in the top left, which indicates this is a wider and so
more stable basin. Blue dots are found in between the basins, which indicate that
the protein can transition between the two basins via low-energy structures; that
is, an energetically feasible pathways exists to regulate the transition between
the basins. Knowledge of the transition between on and off states for WT H-Ras
allows us to speculate that the basins correspond to such states, as revealed by
the proposed algorithm.

A comparison with the right panel in Figure 4.3, which shows the organiza-
tion for Q61L H-Ras, shows two major differences with WT H-Ras. First, both
basins become narrower; that is, they contain fewer low-energy structures. This
suggests that the mutation impacts the structural plasticity of H-Ras. Second,
few to no low-energy structures can be found between the basins, which sug-
gests that the energetic pathway between the basins becomes more energetically
costly. This in turn suggests that the Q61L mutation directly impacts the tran-
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sition between the on and off states and so rigifies H-Ras. Such information
is precious, as it allows formulating a detailed structure-based hypothesis that
links sequence mutations to dysfunction via changes to structure and structure
dynamics.

In addition to the two main basins, a third one is evident in the left panel of
Figure 4.3 for the WT H-Ras. This contains fewer structures and is shallower.
The right panel of Figure 4.3 indicates that the basin becomes even shallower in
Q61L H-Ras. These results are in great agreement with early work in Clausen
et al. (2015), where a Confl basin was suggested to exist in WT H-RAS and
correspond to an unanticipated structural state. Specifically, by analyzing crys-
tallographic structures whose projections over PC1 and PC2 fell on this basin,
work in Clausen et al. (2015) suggested that this smaller and shallower basin
corresponded to a structural state that was an intermediate between the known
on and off states between the GTP- and GDP-bound states of WT H-Ras. In
strong agreement with the results presented here, work in Clausen et al. (2015)
additionally reported that this basin all but disappeared in Q61L.

More broadly, the shown application suggests that by organizing an energy
landscape into the major local minima, the proposed algorithm allows under-
standing in great detail the impact of a mutation on the structural basin-to-basin
dynamics that characterizes flexible biomolecules, such as proteins, and even
obtaining an explanation for dysfunction in terms of changes to the underlying
energy landscape and the dynamics on it.

4.8.2. Spatial clustering of malaria episodes

We applied our regression mean shift algorithm to a malaria episodes dataset
available in the R package SPODT (Gaudart et al., 2015) and obtained a spatial
clustering result, as shown in Figure 4.4. The dataset contains 168 observations,
each corresponding to the longitudinal and latitudinal coordinates of a house-
hold, and the mean value of the number of malaria episodes per child in the
household in Bandiagara, Mali, from November to December 2009. Our algo-
rithm returns three clusters using the automatically selected bandwidth. The
estimated maxima represent high-risk locations and different clusters are sepa-
rated by low-risk valleys. In this example there exist wide regions where there
are no data points, but they do not cause any issues to our algorithm, and the
generated sequence still converges.

As a comparison, we also show the partitioning result of the CART algorithm
(Breiman et al., 1993) in Figure 4.4. The same dataset has also been analyzed
using a variant of CART algorithm called spatial oblique decision tree (SpODT).
See Gaudart et al. (2005). The shape of clusters found using our regression MS
algorithm appear different from that obtained from CART and its variant, which
reflects the fundamental difference in the ideas of partitioning: the mathematical
models behind the clusters in our regression MS are the ascending manifolds of
the regression functions (see Section 2.1), while CART and its variants can be
viewed as piecewise constant approximation of the regression function through
their leaf nodes.
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Fic 4.4. The graphs shows the spatial partitioning results for the malaria episodes dataset
available in the R package SPODT, using our regression mean shift algorithm (left panel), and
CART (right panel). The mean value of the malaria episodes at each location is represented
by the size of the dots. The bandwidth in regression MS algorithm is selected using the method
as given in Section 4.1, and the three clusters are represented by different colors (black, red,
and green).

5. Discussions

In this paper we develop a regression mean shift algorithm to partition the input
space and estimate the local maxima of regression functions. The algorithm is
shown to be convergent and we give the rates of convergence for the local maxima
estimators. Our algorithm is shown to be effective in simulations and real data
applications. We note that our mean shift algorithm can also be used to estimate
the local minima of regression functions, by simply replacing Y; with —Y; for all
1=1,--+ ,n, and applying one of the two transformations T1 and T2 to —Y;’s,
as has been done in Section 4.3.1.

Between the two transformations, T2 is linear, which is relatively easy to
determine but requires the boundedness of the response (assumption E’) in our
theoretical analysis; T1 includes a family of nonlinear transformations, which
can potentially sharpen the local maxima of regression functions, and improve
the performance of our algorithm, if £ is carefully selected. In practice, one can
first obtain the regression function estimator 7(z) and then choose £ by assessing
how transformations in T1 or T2 affect the landscape of 7, in particular, the
sharpness of its local maxima.

The idea of using regression MS to find local maxima can be extended to
extract ridges of regression functions. Ridges are low-dimensional geometric
features where the function values are local maximum in a subspace, which
generalizes the concepts of local maxima and can be used to model filamentary
structures. An algorithm called Subspace Constrained Mean Shift (SCMS) was
developed in Ozertem and Erdogmus (2011) to extract ridges of KDEs. Some
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theoretical analysis of this algorithm can be found in Genovese et al. (2014) and
Qiao and Polonik (2016). We leave the extension of our regression mean shift
algorithm to its subspace constrained version as a future work.

6. Proofs

This section contains the proofs of theoretical results in Sections 2 and 3. Note
that the proof of Theorem 2.1 is very similar to that of Theorem 1 in Ghassabeh
(2015) and is hence omitted. In the proofs we use C to denote a constant that
may change its value depending on where it appears.

6.1. Proof of Lemma 2.1

Proof. Using the expression in (2.3), we have

Fuleyin) ey = Y fg;) N (E==Tb]}
i=1 i

The convexity assumption of k implies that k(xz2) — k(x1) > g(x1)(x1 — 22) for
all z1, 25 € [0,00) and 1 # x2. Then using (2.5) we have

Ta(zj41) — Tu(z))

Ck,d
> Zsz (29)[2(5541 = )" Xi + 251 = ll2g4111°)

Ck,d ~ n ~
~ hd+? [2(zj+1 —z)" ZYiwi(zj)Xi + (2512 = lzj41ll?) Zyiwi(zj)}

i=1 i=1

hd+2||zj+1 ZJH Zle zj)

=1

n
Ck,d 2. ot
2 el =2l D Vi ()

where C is the convex hull of {X71,---, X, }. Notice that inf,ec > 1, ﬁwl(z) >
0, which implies that 7 (2;j41) — 7 (2;) > 0 as long as z; 1 # z;. Since 7 is upper
bounded, the sequence 7(z;) converges, and it follows that ||z;11 — z;|| = 0 as
J — o0. Since M. (z;) = zj4+1 — 2, using (2.7) we then get V7. (z;) — 0. O

6.2. Proof of Lemma 3.1

Proof. Let & and £ be the first two derivatives of £, respectively, and define

pi(z) =B (r(z) + 1), and pa(x) = E&"(r(z) + 1) (6.1)
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We have that pi(z) > 0, and both p;(x) and p2(x) are bounded. Note that for
a € N with |a| = 1,

0°7r(x) = p1(2)0%r(x), (6.2)
and for a € N with |a| = 2 such that a = a; + ag, where |a;| = |ag| = 1,
0°r(z) = p1(x)0%r(z) + p2(x)0* r(x)0%?r(x). (6.3)

In the matrix form, we get

Vi(a) = p1(2)Vr(a),
V() = p1(0)V?r(2) + pa () V() Vi)

Hence V27(z) = p1(z)V?2r(z) for all z such that V7(z) = 0. Since p;(x) > 0,
the critical points of 7(z) and r(z) are the same with the same indices.

When 7 is a Morse function, the above analysis implies that 7 is also a Morse
function. To show that the ascending manifolds of » and 7 are the same, we will
prove that the trajectories of integral curves driven by Vr and V7 are the same
when the starting points are the same. To this end, we show that there exists a
reparameterization function 7 : R>¢g — R such that ¢, (t) = ¢.(n(t)),¢ > 0,
where ¢, and (EI are integral curves driven by Vr and Vr = p; Vr, respectively,
defined as the solutions of

¢, (t) = Vr(pe(t)), t > 0; ¢,(0)
PL(t) = Vi(da(t)), t > 0; ¢,(0)

Here 7 is the solution of the ODE 7/(t) = p1(¢(n(t))); n(0) = 0. Then we have
¢2(0) = ¢ (n(0)) = z and for t > 0,

(¢a 0m)'(t) = ¢ (n(t) ' (t) = Vr(da 0 n(t)) p1(daz 0 n(t)) = Vi(ds 0 n(t)).

Hence ¢, (t) = ¢o(n(t)),t > 0. So the conclusion of this lemma follows. O

Z;

x.

6.3. Proof of Theorem 3.1

We use empirical process theory in the proofs. Let P be the probability mea-
sure of (X,Y), and P, be the empirical probability measure with respect to
{(X:,Y;) : i = 1,--- ,n} such that we write P(g) = Eg(X,Y), and P, (g) =
n~13°" | g(X;,Y:), for any measurable function g : RY x R — R. Let

Gulo) = 7= Y [P(o) — Plo)]. (64

Let G be a set of measurable functions from R4 to R. G is called a uniformly
bounded VC-class if there exists a constant B > 0 such that sup,cga+1 |g(z)]| <
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B for all g € G, and there exist positive numbers A and v (called the character-
istics) such that for every 0 < e < B,

AB\Y

NG, L2(Q),€) < ()

€

where the covering number NV (G, L2(Q), €) denotes the smallest number of L2 (Q)-
balls of radius at most € needed to cover G and the supremum is taken over all
probability measures @ on R4+1.

The following proposition generalizes Sriperumbudur and Steinwart (2012,
Proposition A.5), based on Talagrand’s inequality. Also see Giné and Guillou
(2002) and Einmahl and Mason (2000). Its proof is given Section 6.6.

Proposition 6.1. Let M is a real-valued function on R® with bounded support
S such that M € Lo (R%) N Lo(R?). Suppose that the marginal density f of X
is uniformly bounded on X" for some constant ho > 0, where n = sup,¢s ||z||.
Suppose that

F:={R*xR> (u,v) = Mz —u): xR} (6.5)

is a uniformly bounded VC-class with characteristics (V,v). For h > 0, let , :
X xR — R a function indexed by h such that

sup  sup [Cu(z,y)| < L
0<h<ho z,yEX xR

for some constant L € (0,00). Denote Gy, = {ga () : © € X} where for (u,v) €
X xR and h > 0,

gen ) = 2l )M (1),

Then, there exists a positive constant C' only depending on L, M, f, A and v
such that, for allm >1, 0 < h < hg, and 7 > 0 we have

— G 1
\ngeugpiln(g)l —palog T/ glog o+ g —

( C 105 C s [ € 10sC 4 TC C\/F>21_6,T.

The proof of Theorem 3.1 needs an intermediate estimator, as define below.
Denote f;, = Ef. Let

1 YKh YiKu(z — Xi)
rox—nhdz T EX.

Note that

- 1 &Yi0°K((xz — X;)/h
0%To(x) = nhd+lal ; J(C}E(Xz) ) ) (6.6)
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Then for x € X we can write 9°7,(x) — 0°7(z) = L, (x) + 1L, (x) + 111, (z), where

I, (x) = 0%Fi(x) — 0°Tp (),
I, (z) = 0%Fo(x) — EO“Ty(x),
I, (z) = E0°7y(z) — 0°7(x).

The conclusion in Theorem 3.1 is a direct consequence of Propositions 6.2, 6.3,
6.4 given in the sequel, which are used to analyze sup, ¢y |1, ()|, sup,cx 11, ()],
and sup,¢ v |IIL, ()|, respectively. In particular, sup, ¢y |I.(z)|, sup,cr 1L, ()]
are stochastic terms that are analyzed using Proposition 6.1. We first consider
—

Proposition 6.2. Under the same assumptions as in Theorem 3.1, there exist
constants C > 0, ¢ > 0, and hg > 0 such that for all |o| <2, n>1,0 < h < hg,
7 > 1 satisfying nh® > c¢(7 V |log h|) we have

P"(sup |0°T (x) — 0%To(x)| < C/T V |log h|'yT(L|°;lD) >1—2e". (6.7)
TEX ’

Proof. Assume h < 4. Using Taylor expansion and the assumption that K is
spherically symmetric with its support contained in the unit ball, we have

sup [fu(z) — f(2)]

TEX
= sup ’ /K(u)f(x — hu)du — f(x)
TEX
§h2d/K(u)||u||2du sup max [0 f(x)]. (6.8)
zeXs |a|=2

Hence there exists hg € (0, 9] such that for all 0 < h < hyg,

sup |fa (@) — £(2)] < oo,

zeX -3

where 0 < g9 < inf,cx f(x) is given in assumption A1l. This implies that
infrex frn(z) > %so. Below we always assume that 0 < A < hg. Notice that

|09T () — 0%To(x)| < sup [s,(z)] sup 7 (), (6.9)
zeX zeX

~

where s, (z) = [f(z)]7! = [fu(z)] ! and

o 1 ol o
i=1

Notice that

(X)) — F(X2) n (fn(Xi) — {(Xi))%

sn(X;) = fa(X;)? In(Xa)? f(X3)

(6.11)
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For |a| < 2, consider the class of functions K, = {9“K (x — ) : = € R%}. Then
K4 is uniformly bounded under assumption K. Note that K (z—-) = k(||z—||?),
where k and its first two derivatives have bounded variation. It is known from
Nolan and Pollard (1987) that in general F in (6.5) is a VC-class if M(z) =
¢(p(z)), where p is a polynomial and ¢ is a bounded real function of bounded
variation. When |a| = 0, it is clear that /C,, is a VC-class. When |a| = 1, we have
0°K(z — ) = K/ (|]x — -|*)[2a® (z — -)]. Noice that both {2aT(z — ) : z € R4}
and {k'(||x —-||?) : = € R?} are VC-classes. We then apply Chernozhukov et al.
(2013, Lemma A.6) to conclude that K, is also a VC-class. A similar argument
also applies to |a] = 2.

For u € RY, let gy pn(u) = 77K ((u— x)/h) and Gy, = {gz.n() : © € X}. Then
notice that

sup |f(z) —Ef(z)| = T sup G (g)l-

Applying Proposition 6.1 we get that there exists a constant Cy > 0 such that
for all n > 1, h € (0,1), and 7 > 1 satisfying nh? > 7 and nh?® > |log h|, with

T

probability at least 1 —e™7,
81612 |]?(.Z') — fn(x)] < Con/7 V |log h|'ny;l. (6.12)
T

Suppose that Co+/7 V |log h\'yflo,)l < 1£9. On the event in (6.12), we have

sup|f(x) fn(z)] < %Eo and mf f( ) > %50
reEX

Therefore sup, ¢y |5, (7)| < 5652 Sup,ex |f(m) — fn(z)| and with probability at

least 1 —e™ 7,

sup |s, ()| < 5y 2Co/T V | log h|7(0) (6.13)
reEX
Here for all z € X,
0 <ER(2)

:ﬁm/ §(r(x)+61)3aK(x 4| flwydu

h.a| B [ I60(@) + )oKl o - hu)du

—Cy||0°K]||1 sup f(z)=:C1—

6.14
—hlal i h|a\’ ( )

where || - ||; is the L; norm.
For (u,v) € X xR, let gg ), (u,v) = 337 L1€(w)0*K ((u—2)/h)|. Then notice that

we can write 7 (z) — Erg (z) = \/ﬁhla Gn(gy ) and so that

1
~E = Gnlg)l;
sup |7 (@) ~ BF} (0)] =~ QEEEJ n(9)]
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where G, o = {g5 (") : ¥ € X'}. Applying Proposition 6.1 we get that for n > 1,
h € (0,1), and 7 > 1 satisfying nh? > 7 and nh? > |loghl|,

]P’”( sup [7¢ (x) — Erg(z)| < Cay/7 V |log hhgofl‘)) >1—eT, (6.15)
zEX ’

for some constant Cy > 0. So it follows from (6.14) and (6.15) that for C5 =
Ol \ 027

]P’"(sup T (x) < Cs(h™11 + /7 v |log h|77(1"0;1|))) >1—e". (6.16)
zeEX

Combing (6.9), (6.13) and (6.16), we then get the conclusion of this proposition.
d

Next we consider sup,c y |IL, (z)].

Proposition 6.3. Under the same assumptions as in Theorem 3.1, there exist
constants C > 0, ¢ > 0, and hg > 0 such that for all |o| <2, n>1,0 < h < hg,
7 > 1 satisfying nh® > c(1 V |log h|) we have

]P’"(sup\aa?o(x)—an‘?o(xﬂ<C Tv|1ogh|7;“;;'))z1—e—f. (6.17)
reX ’

Proof. For (u,v) € X x R, let (x(u,v) = &(v)/ frn(u) and
P (0,0) = 513G, 0) 0 K (& — u)/ ).

Then notice that we can write 0°7y(z) — E9*To(z) = m@n(pih) and so
that

sup |0%7Tg(z) — E9“ro ()|

1
= —— sup |G,(p)|.
zeX Vnhlel yep, G (P

where P o = {p§ () : © € X'}. Note that using the same hg in the proof of
Proposition 6.9, we have sup,,cx Sup,eg |[Cn(u, v)| < 2, *C,,. Applying Proposi-
tion 6.1 we then get (6.17). O

Next we consider sup,¢ y [III,(z)|.

Proposition 6.4. Under the same assumptions as in Theorem 3.1, there exist
constants C > 0 and hg > 0 such that for all 0 < h < hg, and |a| < 2 we have

sup |EO“Fo(x) — 8°F(x)| < CRB~1aDA2, (6.18)
reX

Proof. Let

¢y = sup sup |9°f(z)|,
zeX’ |B|<3
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CK = [max{/Rd K()||uldu: j = 1,2}] V1
e = [supmax(§(a), €' (@), € (2), " @) v 1,

cr = [ sup sup |8Br(x)|} V1.
zeX? |BI<3

Below we take 0 < h < 34 so that (X")" C X°. For |a| = 0,1, using a Taylor
expansion of order 2 and assumption K, we have

sup 0% fr(x) — 0 f(x)]

zeXN

= sup | K(u)0*f(x — hu)du — 0° f (x)|

zeXxXh JRA

§h2/ K(u)||ul?du sup  max |97 f(z)]
e sexs 1BI=lal+2

<dcjcrh®. (6.19)
Similarly for |a| = 2, using a Taylor expansion of order 1 we have

sup 0% fr(x) — 0% f(x)]

zEXN

=sup | [ K(u)0®f(x — hu)du — 0 f(x)]
zexh JRd

<h/K )ul|du sup ‘rgax|85f( z)|
<Vldcsegh. (6.20)

Let 19 = sup{n € (0,6] : infyexn f(2) > 2e0}. Under assumptions Al and
A2, we have 79 > 0. Let

h —min{ 1(5# ( £ )1/2}
0 — 77072 7\/&0[(’ QdCfCK )

and we take h € (0, hg] below. Using (6.19) and (6.20) we have for all |a] = 1,2,

sup [7(@) = ful@)] < e A (520)

reXh

sup [0 fn(z) — 0% f(z)| < ¢y

TzEXN

This implies that for all z € X" we have 3eo < fi(z) < 2¢y, and |9% f,(2)| < 2¢;
for all || =1,2.
Let gn(x) = f(x)/fn(z). Using (6.19) we have for all 2 € X",

2creih?
lan() = 1 < =5 = Gyl (6.21)
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When |a] =1,

0 f(x) — 0% fulx)  [f(x) — u(@)]0° fu(x)
Fanw) = ———poy - fnla)? '

Hence using (6.19) we have that for all z € X",

2CfCKh2 SC?CKh?

|0%qn ()] < - + = = Cy1h®. (6.22)
When |a] = 2, suppose that « = a3 + ag, where |ag| = |as]| = 1. We have
9%qn(x) Zaaf(xic;(f)afh(x)
_ 0% f () = 0% fu(2)]0 fi () + (0% f () — 0% fn ()]0 fin ()
[fn(2)]?
B 28“1fh(x)8“2fh(x) B aafh(.’t)
+ [fu(z) = f(2)] [ Fu(z)? fn(x)? )

Hence using (6.19) and (6.20) we have that for all z € X",

2ciexh N 24ctexh? N 128c}exch?

o <
0 an)] < =L = o
2 h 12c2¢xdh 64c3¢ §h
< o + fQK + f4K q2h (6-23)
60 60 60

We can write for |a] =0,1,2,
E0°7Ty(x)
1 YOOK(5)
T pdtlal fn(X1)
1 (X)) + e)0OK (25
7hd+\o¢| fh(Xl)

hd+\a| /5 w +a)o"k (x;u)qh(“)d“
5( (z — hw) + €1)gn(x — hw)0* K (w)dw

hlal
1

=Tl B % (r(z — hw) + €1)qn(x — hw)] K (w)dw. (6.24)
Rd

Here for |a| =1,

OL[E(r(z + hw) + €1)qn(z + hw)] =h&' (r(z + hw) + €1)0%r(z + hw)qn(x + hw)

+ hé(r(z + hw) + €1)0%qn(x + hw).
(6.25)
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For |a] = 2, suppose that « = a1 + a, where |ay| = |az| = 1. We have
B IE((x + ) + e )an(a + hu)]
=h2¢" (r(x 4 hw) + €1)0" r(z + hw)d*?r(x 4+ hw)q, (x + hw)
+ R (r(x + hw) + €)0% (z + hw)qp (z + hw)
+ B2 (r(z 4 hw) + )0 r(x + hw)0*2qy (x + hw)
+ B2 (r(x + hw) + €1)0%?r(x + hw)0* g, (x + hw)
+ h2E(r(x + hw) + €1)0%qn (z + hw). (6.26)

Using a Taylor expansion of order 2, we have

sup [€(r(z + hw) + e1) = &(r(@) + e1) — he' (r(@) + e1)w” Vr(2))|
TeEX
<h*dcgc,||wl?, (6.27)
and

sup €' (r(a + hw) + e1) — €' (r(z) + e1) — he" (r(z) + e1)w” Vr(z)|
zeX
<hZdecge,||wl?. (6.28)
Using a Taylor expansion of order 1, we have

sug 1€ (r(z + hw) +e1) —&"(r(z) +e1)] < h\/EQCTHwH. (6.29)
xe

For |a| = 1, using a Taylor expansion of order 2 we have

sup |0%r(z + hw) — 8%r(z) + hw? Vo®r(z)| < h2de, ||wl|?. (6.30)
reX

For |a| = 2, using a Taylor expansion of order 1 we have

sup |0%r (x 4+ hw) — 9% (x)| < hv/de,||Jw]. (6.31)
reX

Therefore it follows from (6.24), (6.21), and (6.27) that

sup [Ero(z) — 7o(2)| < (Cyoce + degerex )h? i= Cyoh®. (6.32)
TEX

For |a| = 1, the calculations in (6.24), (6.21), (6.22), (6.25), (6.27), (6.28) and
(6.30) yield

sup [E9°7o(z) — 0°Fo(x)] < (Cy1ce + Cyocecr + 3dciercee)h? i= Cy 1 h>.
reX
(6.33)
For |a| = 2, using 6.24), (6.21) — (6.23), and (6.26) — (6.31) we get

sup |[E0“Fo(x) — 0% ()]
zeEX
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<(Cyace + Cyacecy + 30, 0cec? + ddeec?er)h? + 2V deecierch

<[6(Cq2ce + Cqrcecr + 30%00503 + 4dc§c%cK) + 2\/&050301{]11 = Ch2h.
(6.34)

The proof is completed with a constant C' = max{C,. o, Cr1,Cr2}. O

6.4. Proofs of Lemma 3.2 and Theorem 3.2

Theorem 3.2 is a direct consequence of the application of Lemma 3.2 and The-
orem 3.1, so we only give the proof of Lemma 3.2 below.

Proof. Let ¢, = sup,eg Sup|gj<s 10°p(z)| and Ay = infzec | M1 (2)]. Since p is a

Morse function and R is a compact set, we have A, > Ay > 0. Let k = 2;1\2,, AD.
Then M"® C R. Let C5§ = {y € R : infyec ||z — y|| < k} be the interior of C*,
and T = R\CS. Let 0 = inf,e7 max|q =1 |0“p(x)|. Note that 6§ > 0 when T # 0,
because max|q|—; [0°p| is a continuous function on R and 7 is a compact set.
We will show the result in this lemma holds when the following three conditions

are satisfied.

~ - 1

8o := sup |p(x) — p(x)] < Ak, (6.35)
TER 8

~ A

09 := sup max |0%p(x) — 0%p(x)| < 2 (6.36)
zeR lo|=2 4d

~ 1

0y := sup lm‘aui |0%p(x) — 0%p(x)| < 50, when T # (. (6.37)
TER |¥|=

Step 1. For any € M, consider any y € B :={y € R : ||z — y|| < s}, and
using Weyl’s inequality (see Serre, 2002, page 15) we have

A1 (y) — Ai(2)] < d sup [0°p(z) — 3°p(y)|

8l=2
< dsup sup [07p(2)|[lz —y| < deyllz —y].
2€R |B|=3
Therefore for all y € B,
1
A(y) < =M +depk < —5)\*. (6.38)

In other words, M" C A:={z € R: \(z) < —%)\*}. For all £ € M and all
y € BY, using a Taylor expansion we have

1 1
p(y) < pla) + 5 sup Au(2)llz — yll> < p(x) - el = yll*. (6.39)
zEM*

Then by using (6.35) we must have for all x € M and all y € R such that
lz =yl = &,

Pw) < p(0) + gAr < ple) — Ak < (e, (6.10)
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Therefore there must exist at least one local maximum of p on BY for each
T e M.

Step 2a. Let & = C\M the set of critical points of p on R excluding local
maxima. Suppose S # (). Then following a similar calculation in (6.38), we have
that for all y € 8%, A (y) > %)\T > 0. For any = € R, let Xl(x) be the largest
eigenvalue of V2p(z). For all y € 8%, by using (6.36) and Weyl’s inequality we
have

K0) 2 M) ~d s [975(0) ~"p(0)| = (6.41)

So there are no local maxima of p on §”. The same statement is trivially true
when S = ) because §" = () in such a case.

Step 2b. If 7 = (), then we must have M C M?" based on the arguments
in Step 1 and Step 2a, since R = M" U S" UT. Otherwise for all y € T, by
using (6.37) we have that

~ 1
max [0%p(y)| > 6 — 61 > 59 > 0. (6.42)

o=

This means that there are no local maxima of p on 7, and hence M C M".

Step 2c. Suppose that there exists x € M such that there are at least two
different local maxima z; and Zy of p within Bf. For any y € B, by using
(6.38), (6.36) and Weyl’s inequality, we have that

~ . )\*
M(y) < M\i(y) + dIZI\lPZ 10°By) — 0°p(y)| < 1 (6.43)

Using a Taylor expansion we have

0= (T1 — T2) T [VD(F1) — Vp(a2)] < yseulg“' ()T — Tal?, (6.44)

which leads to a contradiction with (6.43). Hence there exists only one local
maximum Z of p in BY for each x € M. For the same reason, using (6.38) it
can be seen that there exists only one local maximum « of p in Bf. In other
words, we have that the number of maxima of p and p are the same and can be
matched in such a way that

dg (M, M) = max |7 — . (6.45)

Step 3. Let us consider any local maximum of p, denoted by z and its
corresponding local maximum z of p in BY. Let |- |max and || - ||opbe the element-
wise maximum and the operator norm of a matrix, respectively. Since Vp(z) =
Vp(Z) = 0, using a Taylor expansion, we have

Vp(z) - Vp(e) = VB(T) - Vp(z) = [V?p(z) + A@,2)](T —z),  (6.46)
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where A(Z, z) is a d x d symmetric matrix such that |A(ZF, 2)|max < 02 + cplT —
Z|max. Therefore

IVp(x) = Vi)l > [V?p(@)@ - 2)|| = |A@,2)(@ - )|
> M|z — x| = [[A@, 2)[lop |7 — =]

> |7 — 2| = dldz + cpl& — @lmax] |7 — 2]

Y

1.~ X~
AT —zll = dos |z — 2|

Y

1 ~
PlE -zl

where in the last step we use (6.36). The conclusion of this lemma follows by
noticing (6.45). O

6.5. Proof of Theorem 3.3

Proof. First of all, similar to Theorem 3.1, there exist constants C; > 0, ¢; > 0
and hy > 0 such that for all |a| < 2, n > 1,0 < h < hy, 7 > 1 satisfying
nh® > ¢ (7 V |log h|) we have with probability at least 1 — 3e™7,

sup |0°7(xz) — 0%r(x)| < C1 (/7 V |log h|'y7(l‘:zl) + hB~lahA2y, (6.47)

zeX

Recall ¢ and 7 that have been defined in (3.7) and (2.8), respectively. Note

that #(z) corresponds to 7(z) in the case of ¥; =1, for all i = 1,--- ,n. Let
~ 1 Kh($ - Xl)
t j—
0($) nhd p fh(Xz>

Then similar to Proposition 5.2, there exist constants Cy > 0, ¢ > 0, and hy > 0
such that for all |o| < 2,7 >1,0 < h < hy, 7 > 1 satisfying nh? > co(7V|log h|)
we have with probability at least 1 — 2e™7,

sup [0%T(z) — 0%To(z)| < Cor/7 V [log hy{2D. (6.48)
x€EX ’

Similar to Proposition 5.3, there exist constants C3 > 0, ¢3 > 0, and hg > 0 such
that for all |a] < 2,7 >1,0 < h < hz, 7 > 1 satisfying nh? > c3(7 V| log h|) we

T

have with probability at least 1 —e™7",

sup |0%to(z) — BO“to(x)| < Cs3/7 V |log h\’yﬁl’i‘). (6.49)

reX

Recall that g, = f/fn. Note that

Ed“to(z) = 0%qn(x — hw) K (w)dw
Rd
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Similar to Proposition 5.4, there exist constants Cy > 0 and hs > 0 such that
for all 0 < h < hy, and |a] < 2 we have

sup [E9%to(z) — bl < C hB=lehn2 (6.50)
reX

where b, = 0 when [a| = 0 and b = 1 when |a| = 1, 2. Hence combing (6.48),
(6.49) and (6.50), for all |a] < 2 we get with probability at least 1 — 3e~" that

sup |9°1(2) — bjaj| < C5(v/7 V[log hly 5D 4+ nG-lebr2), (6.51)

zeX

where C5 = (Ca + C3) V Cy4. Due to the almost sure boundedness of m(Y7,)),

using (6.47), (6.51), and the relations 7 (x) = 7(x) + 7(Y},))t(z) and 04" =
0% 4 by m(Y])), for all || < 2 we have with probability at least 1 —6e~" that

sup |9°7, (x) — 9°7(x)| < Co(y/7 V [log [y + hG-lahn2),

reX
where Cg = C; + C5(B V 1), where B is given in assumption E’. Then the
conclusion of the theorem follows from the application of Lemma 3.2. 4

6.6. Proof of Proposition 6.1

Proof. For any measurable function g and probability measure @ on R4 1, let
1901 25(@) = [fgass [9(w)|?dQ(u)]/? be the La(Q)-norm of g. We first show that
Gn = {hd(g — Pg) : g € Gp} is a uniformly bounded VC-class, where Pg =
Eg(X,Y). For any x € R?, let my 5 (u,v) = M((z—u)/h) for all (u,v) € R xR.
Let B € (0,00) be a constant envelope of J such that sup, e 5 sup,cga+1 |g(2)] <
B. Define Fj, = {my 4(-) : # € R4}, and Fj, x = {myn(-) : @ € X} for all b > 0.
Using Sriperumbudur and Steinwart (2012, Lemma A.3), we obtain that for all
h >0, and € € (0, B],

AB\V
SUpN (T, L2(@):€) < Sup N (T L2(Q),) = sup N (. L(Q),) = (7))

(6.52)

where the supremum is taken over all the probability measures Q on R%+1.
Let
3";11;( ={X xR 3 (u,v) = (p(u,v)my pn(u,v) : x € X}

Note that B := LB is a constant envelope of 3";11;( such that

sup sup |g(xz)| < BW.
gesrl(Ll) rERI+1

It follows from (6.52) that, for any given probability measure @ on R4*! and
any € € (0, BV)], there exist x1,--- ,zy, € X with N, < (%(U)V such that
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{me, n: j=1,---,Nc} is an ({)-covering of Fj x with respect to the Ly(Q)-

norm. In other words, for any x € X, there exists j € {1,---, N¢} such that
1

lmen —me, nllL@) < - Hence for any mg p, € 3";7;(,

¢k h — Chma; wllL(@) < Llman — ma; nllng) < e

This means that {Chmxj,h : j=1,---,N.}is an e-covering of 3:}(112\6 with respect
to the Lo(Q)-norm. Hence for any m, j, € F, » and any € € (0, B(l)],

AB(l))y,

sup N (T4, L2(Q), ) < (
Q €

which implies that, for any given probability measure @ on R%! and any € €

(0,2BW], there exist z, - - - , ¥y € X with N < (Mf?m)” such that {Chm%ﬁ :
j=1,--,N.}is a ($¢)-covering of fﬂ(ng( with respect to the Lo(Q)-norm.
Consider the interval [-B®M), BMW)]. For any ¢ > 0, there exist by,--- by

with N, < [2BW /€] such that by,--- by, is a (¢)-covering of [—B(l),B(l)]E,
where [-] is the ceiling function. Let

F2 = {g() ~b: geF . [b] < BOL

For any g € 3'”,(11;( and |b] < BM, there exist my p, and b such that ||mg p —
My nllLQ) < 1eand [b—b;| < e Hence

[(man = b) = (Marn = i)l LaQ) < [1Man — M nllzo@) + 10— bj] < e (6.53)
Therefore with A?) =2(A Vv 1) and B® = 2B® we have

24BW

AR B©@) )u+1

€

AT} L2(@), ) < () 1280/ < (

Note that sup ) Sup,cga+ lg(z)| < B®. Since G, C ?ﬁf)x, we have
¢ :

~ @) AP B@)\ v+1
SN (G, L2(@) ) <sp NI L@, < (T—) - (654)
This then shows that th is a VC class with characteristics A% and v + 1,
and is uniformly bounded by a constant envelope B(®). For any ¢ € Gy, for all

h € (0, ho], we have

g =E(xY) <B{[acx ()]}

<ve{[u(57)]'}
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<h'L?* sup |f(2)||M]f5
xeXho

. pd 2
= h%0j.

Applying Sriperumbudur and Steinwart (2012, Theorems A.1 and A.2) we have
that for all h € (0, ho], n > 1 and 7 > 0, with probability at least 1 — e~ 7,

% sup G (g)]

geGh

1 2102 7B®
<4—F G o
s gS§£,| n(O+\ g+

(v+1)B® AP B (v+1)o3 A@B®) 2702 TB®
log + og } — + —
nhd Vhia? nhd Vhio? nhd nhd

where C' is a universal constant that is given in Sriperumbudur and Steinwart
(2012, Theorem A.2). O

g40[
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