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Abstract

Large data sets are often modeled as being noisy samples from probability distributions z in R”, with D large.
It has been noticed that oftentimes the support M of these probability distributions seems to be well-approximated
by low-dimensional sets, perhaps even by manifolds. We shall consider sets that are locally well approximated
by k-dimensional planes, with k& < D, with k-dimensional manifolds isometrically embedded in R” being a
special case. Samples from . are furthermore corrupted by D-dimensional noise. Certain tools from multiscale
geometric measure theory and harmonic analysis seem well-suited to be adapted to the study of samples from
such probability distributions, in order to yield quantitative geometric information about them. In this paper we
introduce and study multiscale covariance matrices, i.e. covariances corresponding to the distribution restricted to
aball of radius r, with a fixed center and varying r, and under rather general geometric assumptions we study how
their empirical, noisy counterparts behave. We prove that in the range of scales where these covariance matrices
are most informative, the empirical, noisy covariances are close to their expected, noiseless counterparts. In fact,
this is true as soon as the number of samples in the balls where the covariance matrices are computed is linear in
the intrinsic dimension of M. As an application, we present an algorithm for estimating the intrinsic dimension
of M.

1 Introduction

We are interested in developing tools for the quantitative analysis of the geometry of samples from a probability
distribution in a high-dimensional Euclidean space, which is approximately supported on a low-dimensional set,
and is corrupted by high-dimensional noise. Our main motivation arises from the need to analyze large, high
dimensional data sets arising in a wide variety of applications. These data sets are often modeled as samples
from a probability measure p concentrated on or around a low-dimensional set embedded in high dimensional
space (see for example [1, 2, 3, 4, 5, 6, 7]). While it is often assumed that such low-dimensional sets are in fact
low-dimensional smooth manifolds, empirical evidence suggests that this is only a idealized situation: these sets
may be not be smooth [8, 4, 9], they may have a non-differentiable metric tensor, self-intersections, and changes in
dimensionality (see [10, 11, 12, 13] and references therein).

Principal components or the singular value decomposition is one of the most basic and yet generally used
tools in statistics and data analysis. In this work we consider the local singular value decomposition of samples
of pin a ball B, (r) of radius r (the scale) centered at a data point z, and we are interested in inferring geometric
properties of the underlying distribution from the behavior of all the singular values as a function of r, i.e. across
scales. We investigate properties of these singular values and vectors when the data lies close to a rather general
class of low-dimensional sets, and is perturbed by high-dimensional noise. We show that key properties hold
with high probability as soon as the number of samples in a ball of radius r of interest is essentially linear in
the intrinsic dimension. The usefulness of the multi-scale singular values is demonstrated in the context of the
classical problem of estimating the intrinsic dimension of a distribution from random samples.



The analysis of this fundamental problem will require us to develop an analysis of these tools in the setting
of random samples from a probability distribution in high dimensional spaces (sometimes referred to as a “point
cloud”). The problem of estimating the intrinsic dimension of point clouds is of interest in a wide variety of
situations. In fact, to cite some important instances, is related to estimating: the number of latent variables in a
statistical model (points are samples from the model), the number of degrees of freedom in a dynamical system
(points are configurations in the state space of the system sampled from trajectories), the intrinsic dimension of a
data set modeled by a probability distribution highly concentrated around a low-dimensional manifold (samples
are data points). Many applications and algorithms crucially rely on the estimation of the number of components
in the data.

Beyond dimension estimation, the quantities studied in this paper are extremely useful in a variety of contexts:

(i) in[14, 15] they are used to explore the geometry of trajectories of very high-dimensional dynamical systems
arising in molecular dynamics simulations, and to construct robust dimensionality reduction approximations
to such dynamical systems;

(ii) in [16] to construct a novel multiscale representation and “transform” of point clouds, yielding fast algo-
rithms for constructing data-driven dictionaries and obtaining sparse representation of data, for which an
analogue of compressive sensing may be developed [17];

(iii) in [18] to construct estimators for p itself, bringing approximation theory into the space of measures;

(iv) in[19, 20, 21, 22] to attack the problem of estimating the support of  when it is a union of an unknown small
number of unknown low-dimensional hyperplanes.

The inspiration for the current work originates from ideas in classical statistics (principal component analysis),
dimension estimation of point clouds (see Section 2.1, 7 and references therein) and attractors of dynamical sys-
tems [23, 24, 25], and geometric measure theory [26, 27, 28], especially at its intersection with harmonic analysis.
The ability of these tools to quantify and characterize geometric properties of rough sets of interest in harmonic
analysis, suggests that they may be successfully adapted to the analysis of sampled noisy point clouds, where
sampling and noise may be thought of as new types of (stochastic) perturbations not considered in the classical
theory. In this paper we amplify and provide full proofs and extensions of the ideas originally presented in the
reports [29, 30, 31], in the summary [19], and fully laid out in generality in the thesis [32].

2 Multiscale Geometric Analysis and Dimension Estimation

In the seminal paper [33] ! multiscale quantities that measure geometric quantities of k-dimensional sets in R”
were introduced. These quantities could be used to characterized rectifiability and construct near-optimal solu-
tions to the analyst’s traveling salesman problem. We consider the L? version of these quantities, called Jones’
B-numbers: for a probability measure 1 and a cube @ in R?,
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with P, the orthogonal projection onto 7 and || - || denotes the euclidean norm in R”. This dimensionless quantity

measures the deviation (in the least-squares sense) of the measure in () from a best-fitting k-dimensional plane. If
we consider the probability measure yo(A) := pu(A)/u(Q), obtained by localizing 1 on @, and let X be a random
variable with distribution 4, then we have

b :
B2.k(Q) := m <l§1 )\?(COV(XQ))>

Isee also, among many others, [34, 35] and the pleasant short survey [36]



where cov(Xg) = E[(Xo — E[Xg]) ® (Xg — E[X(g])] is the covariance matrix of X and (A?(cov(Xg)))i=1,...p are
its eigenvalues sorted in decreasing order.

In practice one may observe n random samples drawn from 4, and often such samples may be corrupted by
noise in RP. If for simplicity we fix (), we may formalize the above as follows: let Xi,..., X,, beii.d. copies of
Xq,and Ny,..., N, beiid. random variables representing noise, for example let them have distribution N'(0, Ip).
Given ng reahzatlons XnQ of Xi := X1+ 0Ny,..., X, = Xng + 0Ny, lying in Q, we may construct empirical
versions of the quantities above:

Br024(Q) = s <Z 32 (con( nQ>>)>2,

1=k+1

where cov( n) =1 27 (X —E, [X DT (X; — E,[X]) is the D x D empirical covariance matrix of a sample X,,,
En[X]:= 13" X;, (A2(cov(Xy)))i=1,...,p are its eigenvalues sorted in decreasing order.

Here cov(XnQ) and its elgenvalues are random variables, and it is natural to ask how close these empirical
quantities are to the expected quantities above as a function of sample size, how they depend on k and the ambient
dimension D, and how much noise affects the above, depending on the scale of the cube ). For example changing
the scale of () affects ng, and therefore the variance of the above random variables, as well as the relative size of
the noise.

In this paper we investigate these questions, and their relevance to the analysis of digital data sets that, while
lying in high-dimensional spaces, may be concentrated along low-dimensional structures.

Here and in what follows || - || denotes the euclidean norm in RP. A set of n points in R” is often thought of as
an n x D matrix, whose (i, j) entry is the j-th coordinate of the i-th point. For example X,, and X,, will be used to
denote both the point clouds corresponding to a sample of (X;)7_, and (X;)?_, and the associated n x D matrices.
Similarly N,, may denote the matrix corresponding to a sample of (IV;)";.

2.1 Manifolds, Local PCA and intrinsic dimension estimation

Consider random variables X, N in R? with distribution y and N(0, Ip), respectively. When the support of y,
which we denote by M, has low-dimensional structure, a natural question is to estimate the unknown k£ = dim M,
from random noisy data, that is from a sample X, of X; = X; + oNy,..., X, = X, + oN,, where (X3)iy (N;);
are i.i.d. copies of X, N and o > 0 is the noise standard deviation. When M is linear, e.g. the image of a cube
under a well-conditioned affine map, the standard approach is to perform principal components analysis (PCA)
and threshold the singular values of X,, to estimate k. Let cov(X,,) be the D x D empirical covariance matrix of
the samples X,,, with eigenvalues (A\?)2; ordered in decreasing order. At least for n > klogk (with a constant
that may depend on the “aspect ratio” of M), Rudelson’s Lemma [37] (see also the review [38]) implies that with
high probability (w.h.p.) the empirical covariance matrix is close to the true covariance matrix. In particular,
exactly k singular values will be well-separated from 0, and the remaining D — k will be equal to 0. Since we
observe Xn = X,, + oN,, and not X,,, one may consider the covariance cov(X ) as a random perturbation of
cov(X,,) and expect X(nz Xn), the set of singular values of the matrix n~ 3X,,, to be close to Z(n_%Xn), so that
M, AL > AL, ..., A}, allowing one to estimate k correctly w.h.p..

When M is a manifold, several problems arise when one tries to generalize the above line of thinking. The
curvature of M in R? in general forces the dimension of a global approximating hyperplane to be much higher
than necessary. For example, consider a planar circle (k = 1) embedded in R?: the true covariance cov(X) of X
has exactly 2 # k = 1 nonzero eigenvalues equal to half of the radius squared. In fact, it is easy to construct a one-
dimensional manifold (k = 1) such that cov(X') has rank equal to the ambient dimension: it is enough to pick a curve
that spirals out in more and more dimensions. A simple example (sometimes referred to as the Y. Meyer’s staircase)
is the following: let x[o.1)(z) = 1if x € [0,1) and 0 otherwise. Then the set {x; := X[0,2)(- =) }t=0,....a—1 C L?(R)isa
one-dimensional (non-smooth) manifold, which is not contained in any finite- dlmensmnal subspace of dimension.
It is clear how to discretize this example and make it finite-dimensional. Notice that x;, and z;, are orthogonal
whenever |t; — t2| > 2, so this curve spirals into new directions on the unit sphere of L?(R) as t increases. Similar
considerations would hold after discretization of the space and restriction of ¢ to a bounded interval.



The failure of PCA in this situation can be seen as a consequence of performing PCA globally. It has been
attempted to localize PCA to small neighborhoods [39, 40, 41, 42], without much success [43], at least compared to
what we may call volume-based methods [44, 45, 46, 47,48, 12,13, 49, 50, 51, 52, 53, 54], which we discuss at length
in Section 7. These methods, roughly speaking, are based on empirical estimates of the volume of M N B.(r),
for = € M and r > 0: such volume grows like 7* when M has dimension &, and k is estimated by fitting the
empirical volume estimates for different values of r. We expect such methods, at least when naively implemented,
to both require a number of samples exponential in & (if O(1) samples exist in M N B.(rg), for some ry > 0, these
algorithms require O(2%) points in M N B, (2r)), and to be highly sensitive to noise, which affects the density in
high dimensions. The results of our experiments (Section 5.2.1) are consistent with these observations.

The approach we propose here is quite different: we do not give up on linear approximations, with their
promise of needing a number of samples essentially linear in &, but instead of a local, fixed-scale approach as in
[39, 40], we propose a multiscale approach, since determining an appropriate range of scales at which the estimate is
reliable is a key aspect to the problem. Let z € M, r aradius and consider the random variable X , corresponding
to X conditioned to take values in M N B, (r), where B, (r) is the Euclidean ball (in R”) centered at z with radius
r. We will be varying r (the “scale”). We encounter 3 constraints:

(i) curvature: for r small enough, M N B, (r) is well-approximated in the least squares sense by a portion of the
k-dimensional tangent plane T’ (M), and therefore we expect the covariance cov(X ;) of X, , to have k large
eigenvalues and possibly other smaller eigenvalues caused by curvature. Choosing r small enough depending
on curvature, the eigenvalues will tend to 0 faster than the top k eigenvalues of size O(r?). Therefore we
would like to choose 7 small.

(ii) sampling: we need the number 7, , of samples of X , to be sufficiently high in order to estimate cov(X ,).
Therefore, for n fixed, we would like to choose 7 large.

(ili) noise: since we are given points corrupted by noise, say Gaussian with variance o%Ip, we will be forced
to consider r above the “scale” of the noise, i.e. not too small, since at smaller scales the estimation of the
covariance of the data is completely corrupted by noise.

To summarize, only for r larger than a quantity dependent on o2, the variance of the noise, yet smaller than a
quantity depending on curvature, conditioned on B. (r) containing enough points, will we expect local covariances
to be able to detect a “noisy” version of T.(M). For every point z € M and scale parameter » > 0, we let
{(;\EZ’T])Q}l‘:LM p be the Square Singular Values (S.S.V.’s) of cov(f(%zﬂ), where X" are noisy samples in a ball
of radius r centered at Z := z + N, where N ~ N (0,021Ip), sorted in nonincreasing order. We will call them the
multiscale squared singular values (S.5.V.’s) of X\7""/.

During the redaction of this manuscript, we were made aware by M. Davies and K. Vixie of the works [41, 42, 55,
56] where a similar approach is suggested, in the spirit of exploratory data analysis. The effects of sampling, noise,
and possibly very high ambient dimension, which we think all are at the heart of the matter, are not analyzed, nor
are fast multi scale algorithms for the necessary computations, also crucial in view of applications to large data
sets.

2.2 Example: k-dimensional sphere in R”, with noise

To build our intuition, we start with a simple, yet perhaps surprising, example. Let S* = {z € R¥*! . ||z]|2 = 1} be
the unit sphere in R**1, so dim(S*) = k. We embed S* in R? via the natural embedding of R**! in R” via the first
k + 1 coordinates. We obtain X,, by sampling n points uniformly at random from S*, and X,, is obtain by adding
D-dimensional Gaussian noise of standard deviation o in every direction. We call this model S*(n, D, o).

In Figure 1 we consider the multiscale S.5.V.’s corresponding to S?(1000,100,0.1) as a function of r. Several
observations are in order. First of all, notice that R'" is divided into 2'° = 1024 sectors, and therefore by sampling
1000 points on SY we obtain “in average” 1 point per sector (!) - of course we have so few points that we are
typically far from this expected value. Secondly, observe that the noise size, if measured by || X; — X,||?, i.e. by
how much each point is displaced, would be order E[|| X; — )~(1||2] ~ 1, where z; — X; ~ oN(0,Ip) = N(0,0%Ip).



By concentration of measure, in fact ||z; — X;|| ~ 1 with high probability, a length comparable with the radius of
the sphere itself.
Notwithstanding the considerations above, we can in fact reliably detect the intrinsic dimension of M. At very

small scales, B;(r) is empty or contains o(k) points, and the rank of XLZ’T] is o(k). From Figure 1, we see that at

small scales, no gap among the (S\EZ’T])Q is visible: B, (r) contains too few points, scattered in all directions by the
noise. At larger scales, the top 9 = k£ 5.5.V.’s start to separate from the others: at these scales the noisy tangent
space is detected. At even larger scales, the curvature starts affecting the covariance, as indicated by the slowly
growing 10th S.5.V., while the remaining smaller S.5.V.’s tend approximately to the one-dimensional noise variance
o 2 .

3 Setting and Main Results

3.1 Notation

Random variables are denoted with capital letters, e.g. X : (2, P) — RP, and samples are denoted with lowercase
letters, z = X (w), w € Q. Covariance matrices are denoted by

cov(X) =E[(X —E[X]) ® (X —E[X])] (3.1)

and cross-covariance between two random variables Y, X by cov(Y, X) = E[(Y — E[Y]) ® (X — E[X])]. We will use
bold letters to denote sets of random variables, in particular n i.i.d copies of a random variable X are denoted by
X,,. Given n i.i.d copies of a random variable and a subset B C RP, we let define the random set of indices

Ipx, : (Q,P)—)Q{l """ n}’ IB7Xn(w) :{i:l,...,n\Xi(w) € B, X; EXn}, (3.2)

and
npx, - (Q,P) — {1, e ,n}, np,x, = |IB,Xn|~ (33)

Note that np x, can be equivalently defined as ng x, = Y., 15(X;), the sum of binomial random variables
Bin(u(B), n), where (1 is the law of X. When clear from the context we might write Iz, np in place of Iz x,,, "5 X,,-

We further define the random set
XB (X, eX, |icIp}, (3.4)

and an associated random matrix

cov(XB) = é > <Xi - (é > X)) ® (Xi - (é > X)) : (3.5)

i€lp i€lp i€lp

Given two sets of random variables Y? X4, A/ B C X, cov(Y?,X#) is defined analogously. Note that if B
contains the support of X then cov(X5) = cov(X,,) is the empirical covariance matrix for X. If B = B, (r) = {z €
RP | ||z — 2| < r} for z € RP, we simplify the above notation writing X" for X2 and similarly I.,,. for I B.(r)
We often view a random set in R” as a random matrix, e.g. X,, can be thought of as a n by D matrix. For example,

. . . . T< > - . .
viewing Y,,, X,, as matrices, we will write cov(Y,,X,) = lY" X,,, where Y ,,, X,, denote the matrices obtained

n

centering the rows of Y,,, X,, with respect to the centers of mass of the corresponding sets.

Definition 1. We let {\?(cov(X))} be the Squared Singular Values of X, i.e. the eigenvalues of cov(X) (possibly up to a
set of 0 eigenvalues), sorted in decreasing order. We let A;(cov(X)) := A (cov(X)) — A, (cov(X)), fori=1,...,D —1,
Ap(cov(X)) = A4 (cov(X)), Amax = max;—1,. p A;.

We denote by |||| the euclidean norm for vectors and the operator norm for matrices. We let S* be the unit
k-dimensional sphere and B* the unit k-dimensional ball. We let i« be the Lebsegue measure in R*.
Finally, in what follows C, C;, C> will denote numeric constants independent of all parameters, and their values
may change from line to line. We will write f(x) < g(x) if there exists a numerical constant C' such that f(z) <
Cy(z) for all z, and f(z) =~ g(x) if there exist two numerical constants C;, Cs such that Cig(z) < f(x) < Cag(x)
for all z.
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Figure 1: §°(1000, 100,0.1). Top left: plot of E.[(A\*"))?), and corresponding standard deviation bands (dotted), as
a function of r. The top 9 5.5.V.”s dominate and correspond to the intrinsic dimensions; the 10-th S.S.V. corresponds
to curvature, and slowly increases with scale (note that at large scale Ajg > Ag, where A; = (S\EZ’T])Q — (S\Ei’;])Q);
the remaining S.S.V.’s correspond to noise in the remaining 90 dimensions, and converge to the one-dimensional
noise size o2, Top right: smoothed plot of the gaps (A"")2 — (S\LZJ’:l] )? of the multiscale singular values on a portion
the “scale-frequency” plane (where “frequency” is index of the singular value): note the 10-th gap passing the 9-th
gap at large scales. At smaller scales (not shown), noisy singular values create large random gaps. Bottom left: the
multiscale S.5.V. (S\EZ’T] )? for a fixed (randomly chosen) point z: the algorithm is run at only that point, and both
the global range of scale and the correct range of “good scale” are detected automatically. Bottom right: a view of
the surface top right from above.



Figure 2: A pictorial representation of some of our geometric assumptions.

3.2 Problem Setting

Let X be a random variable in R” with distribution pxy and M := supp{ux}. We will be interested in the case
when M is low-dimensional, for example a £ dimensional manifold, or a k£ Ahlfors regular k-rectifiable set [34,
35], with £ < D. More generally, M may be just approximated by a low-dimensional set, in a sense that our
assumptions below will make precise. Let N be a random variable, for example N ~ N(0, Ip), that will think of
as as noise, and let X = X + oN.

Roughly speaking, we are interested into the properties of local covariance matrices and in how they can be
estimated from random noisy samples. More precisely, fix z € M, and consider the random variable X , with
values in B, (r) and distribution . ., where pi. (A) := px (AN B;(r))/pux (B:(r)) is the restriction of px to B (r).
We are interested into estimating the multiscale family of matrices cov(X, ), and in particular in the behavior of
its eigenvalues as a function of r, for fixed z € supp{px }, since it contains useful geometric information.

Towards this end, we have at disposal a sample of X,, obtained from 7 i.i.d. copies of X and have access to a

sample of the random variable Z = z + o N. Then we can consider the random matrix COV(XLLZ’T] ). Indeed, we will

show that cov(X ,), and its spectral properties, can be estimated by cov(XLlZ’r]) whenever 7 is in a suitable range
of scales depending on the geometry of the data distribution and the noise.

It is then crucial to understand how close cov(XLZ’T]) is to cov(X, ). Towards this end, we make use of a few
intermediate (theoretical) quantities that are not accessible in practice. In particular, we will consider the random
sets o o

X7 =X 4 oN,, X =X 40N,
where in the first set the noise is added only after localization and in the second set we assume to have access to

the noiseless center = € M. The above sets are not observable and can be contrasted to X[nZ’T] which is available in
practice.

3.3 Assumptions

We make the following assumptions, which we call “usual assumptions” from this point onwards.



I. Assumptions on the Geometry. We assume that for every z € M there exists a range of scales r €
(Rmin, Rmax), an integer k and an orthogonal projection P71 onto an affine subspace of dimension % such
that if we let

Xz,r” = P[Z’T]Xz,r 5 Xz,TJ_ = (I - P[zr])X

then the following conditions hold almost surely, for all r € (Rmin, Rmax) and Z eRP satisfying ||Z —z|| <
Rumax, and for some 1 < Amax < VE, Amin, 0, Umin > 0, £ > 0, and v 5(r), called the geometric parameters:

)\Z(COV(XZ TH)) c [>‘r2nln7>‘r2nax] 2 maXAi(COV(X ||)) < é
' ’ - k T i<k - k
2,0t X0
| X+ < VErr? as. , [Jcov(X. ) E 4 trleov(X, 7)) < 2k?

PEET e, 36
px(Bg(r)) = ppx B )oz(p)p" , p? =1 —d(Z, M)
vz(r(1+h)) vz(r) Iz = Z]|
) n) ST

<(1+hn" h>0 |, V(1) > Umin

where pigr is k-dimensional Lebesgue measure. We think of Apin, Amax as being of order 1.

II. Assumptions on the Noise. We assume that V is independent of X, and has a standard multivariate normal
distribution, i.e. independent, centered Gaussian coordinates with variance 1.

Finally, we shall assume that there exists a constant C¢ that depends (continuously) only on & := "‘/_ , such
that for any z € M and for £ < 1/3

ie (( \/’I"2 l—‘,— 1 )) \BZ(\/WD < CgﬂRk(]Bk)Tk7

=1

which ensures that M does not come close to self-intersecting too often, in a rather weak, measure-theoretic sense.
We make of course all ;x-measurability assumptions needed for the above to make sense.

We interpret X, ./l and X ,* as the projections of X, ,. onto a local approximating plane and its orthogonal
complement, respectively (see also Figure 3). The first condition in (3.6) roughly determines the elongation of
X.., projected onto the approximate tangent plane. Note that, after subtracting the means, X. /|, X, ,* are al-
most surely bounded by r, but tighter conditions on X, are possible depending on the curvature. Indeed, the
second condition enforces second-order closeness (in the least-squares sense) of X, ,. to the tangent plane. It also
renormalizes X Z’,«J‘ so that x is a measure of extrinsic curvature that takes into account the distribution in the
normal directions where X ,© is supported. The condition on the effective rank tr(A)/||A|| for A = cov(X., ")
is motivated by the fact that locally M may only curve in (k‘gl) dimensions (see remark in Section 4.2), so that
X, 7 is effectively O(k?)-dimensional. This condition may also be generalized (or even removed) depending on
a priori knowledge on properties of the curvature, with obvious changes in our results (essentially only the value
of k/, introduced later, is affected). The number k is what we will call the intrinsic dimension of M, at least in the
range of scales (Ruin, Rmax)- It may change with the range of scales. In particular cases, it coincides with classical
notions of intrinsic dimension, notably when M is an embedded manifold and the range of scales considered is
small enough. So on the one hand it overlaps with standard notions of dimension on a reasonably large class
of sets, on the other hand it is a notion robust to perturbations, and is scale-dependent, therefore removing part
of the ill-posedness of the estimation problem. The volume growth condition in (3.6) is similar to the notion of
Ahlfors-David k-regular sets, but localized in both space and scale.

One may consider more general models of noise, with i.i.d. strictly subgaussian coordinates and an approxi-
mate spherical symmetry, but we postpone these technical issues here. We refer the reader to Appendix 11 for a
review of the definition and basic properties of subgaussian random variables, and to section 9.5 (and equations
(9.24) in particular) for a discussion of approximate spherical symmetry.



The assumptions above are local in a neighborhood of z, and Amin, Amax, %, Umin, Umax Mmay depend on z, as well
as on k. We introduced factors of k in our conditions because they are the natural scalings for certain manifolds
(see Section 4), in the sense that in these particular cases the remaining parameters become independent of k.

Example 1. We specialize the general hypotheses above to various settings of interest:

(i) the “manifold case”: jux the normalized volume measure on a k-dimensional smooth compact Riemannian manifold M.
Such a manifold has positive reach, guaranteeing the existence of a nontrivial interval [Ruin, Rmax|. In fact, typically
Ruin = 0. More generally, x may be a measure on M which is absolutely continuous with respect to the volume
measure, with Radon-Nykodym derivative uniformly bounded above and below. Certain non-compact manifolds are
also possible, since our conditions are local. The “curvature” k in general is not determined by any intrinsic metric
property that M may have, but in general depends on the embedding of M in R (see Section 4).

(ii) As a special case of the above, consider the k-dimensional unit sphere S* in R¥+1. This example helps identify some
natural scaling laws for the parameters, as a function of the intrinsic dimension k. For S¥ (and a whole class of
manifolds) we show in Section 4 that Amax = Amin = 1, K2 ~ k=1 and vyinpgrs (BY) ~ k=%, and Ryax ~ 1 where ~
subsumes universal constants independent of k.

(iii) For a finite union of k-dimensional manifolds as in (i), the assumptions are satisfied except when z is in the intersection
of at least two manifolds. The manifolds do not need to have the same dimension k, in which case the assumptions hold
for different values of k depending on z. A particular case is finite unions of planes. Note that the conditions hold also
for certain infinite unions of manifolds. All that is needed is that intersections are isolated and, for the problem to be
well-conditioned in the sense that Ry, ax is not too small on sets of large measure, that the regions at a certain distance
from intersections are not too large.

3.4 Main results

We are interested in understanding the relationships between cov(X. ,) and cov(X[nZ’r]). The former is the true
local covariance of px restricted to B, (r), where z € M while the second is the observed empirical noisy covari-

ance of the sample points X!Z") that lie in B 7(r), where Z = z + oN is a (random) noisy center. The latter is

the quantity observable by an algorithm. The covariance cov(XZ)is a “corrupted” version of cov(X ,) because

of sampling and noise: sampling creates random fluctuations around the expected covariance, noise corrupts the
center (from z to z + o N) and the points, causing points in B, (r) to exit the ball, and points from outside B.(r) to
enter the ball. We are interested in non-asymptotic results, for D large, that hold for finite n and for nonvanishing
Y [ZvT] )

noise size, guaranteeing that cov(X ,) and cov(X,; *"") are close. In fact, it turns out that since the noise is typically

not negligible, it is natural to allow for a change in scale, and compare instead cov(X. ,_) with cov(XLZ’T]), where
r2 =12 —202D.

Our results show that, for a fixed point z, as soon as the noise has “size” smaller than “the scale of the curva-
ture”, there is a range of scales such that if O(klog k) points are available in B, (r~), then indeed cov(X ,_) and
COV(X'[,LZ’T]) are essentially as close as it may be expected given the noise size; in particular the top k eigenvalues
(which are much larger than the remaining ones) of the two matrices are comparable, and so are the corresponding
eigenspaces, that represent approximate tangent planes. The “size of the noise” is measured by E[o||N||] ~ ov/D,
and the “the scale of the curvature” is measured roughly by %\/E (see Theorem 1 for a more precise statement).

We shall restrict our attention to the range of scales
1 1
7 € ( Ruin + 40V D + —, Rypax —0V'D — — | . (3.7)
6k 6k
We would no need to restrict it now, but it would be imposed on us later anyway. Scales in this range are above

the scale of noise, and below the scale at which curvature of M affects too severely the multi scale singular values.
We introduce some natural parameters: ¢ will tune the probability of success, which will be in the form 1 — cect”,



Define

t2klogk
BBl | =nux(Bore) @ =m0
t2k2log(D ATo
(1) = (b 2= EFIBIDAR) oy (Dam) L K = k(L + €5 A K) (3.8)
= n

op :— U\/E

These quantities represent, respectively, the expected number of (noiseless) points in B, (r~ ), and the reciprocal of
a “local oversampling factor” for a k-dimensional covariance estimation, since O(t*k log k) points in B, (r—) suffice
to estimate the leading portion of the covariance matrix in B, (r=) with high confidence. In the normal direction
el is the smallest of two terms, the first one coming from the covariance having effective rank k2, and the second
coming from the standard concentration rate \/D /7. The latter kicks in only for @ > D, which is not the case of
interest here, but it is helpful to show consistency (the limit n — +o0) as a simple corollary of our results.

Theorem 1 (D large). Fix z € M. Let the assumptions in Section 3.3 be satisfied. For D > k2, oy constant, t €

(C, CAmax,/\mm,é,e@)/ and € = €,_ n 1 < 55—, for r in the range of scales (3.7) intersected with

40’0 /\"4#/\\/%
re 2 [ ’ ’

2 52 o Cook 1\ _ ook’
Amin — 0% Amax€ — 35 ( \/ﬁ) n K

the following hold, with probability at least 1 — Ce=Ct:
(i) Ak(cov(xg’r])) is the largest gap ofcov(XLZ’T]);
(i1) ||COV()~(LLZ»T]) — COV(Xz,T:) — 0'2ID|| < (0'86 4+ Amax0oT + (/\max + 200K + %) 24+ 0 (g) ) %

(iii) if we let 11}, and I, be the spaces spanned by the top k singular vectors of cov(X, ,_) and cov(XLZ’T]), we have

/2
0(216 2V Amax0oct EAmax+00 %”/ 2 Amaxk’ .3 %Aiﬂax 4 r? (Cogk 1
} TS o Rt VD 2 dmantt g8y o Etmax pd g o (Cook 1)
. VkD r'=r s n
|Sln®(Hk7Hk)| S 2 122 2 I p2
Mﬁ_ﬂl_w_ﬂ(mvl)
k D k % T i
This Theorem is a special case of Theorem 2 when D is large and ov D =: ¢ fixed. Here we are mostly

interested in the case t =~ 1 and 7@ = klog k:

Corollary 1. Under the assumptions of Theorem 1, if § < Amin = Amax = 1, € small enough and D large enough depending
0N Amin; Amax; K, 0, then Ay, is the largest gap with high probability for r in the range (3.7) intersected with

)\max

dkk

Sog <r= <

If in addition ™ > k? so that e+ < 1, the upper bound of this interval may be increased to 2mex.

The lower bound is comparable to the length of noise vector, the upper bound is comparable to the largest
radius where the curvature is not too large (see the proof of Proposition 1, and Figure 3). The geometry is that of a
rather hollow “tube” or radius v/D around the support of y1, curving at scale roughly 1/x/, and the Theorem guar-
antees, among other things, that for r larger than the scale of the noise and smaller than the radius of curvature,
with only klog k samples in a ball of radius r from noisy samples we obtain a faithful empirical estimate of the
local covariance matrix.

10



Figure 3: A pictorial representation of the natural scalings, as well as the corresponding local random variables
for r in the good range of scales. The noise pushes points on M at distance roughly ov/'D (w.h.p.), mostly in the
normal direction. Therefore we expect that good scales will correspond to r > +/D. Also, r needs to be below the
“radius of curvature” of M, which turns out to be comparable to Aax/x’. Since we only have access to Z and the
noisy data, we need to compare the covariance noisy data in B (r) with that of the clean data in a slightly smaller
ball, B;(r=). In the scaling limit D — 400, we impose that this picture is invariant, which is achieved by scaling o
so that /D =: 0y independently of D.

11



3.4.1 Technical Results

The main Theorems above are consequences of Theorem 2 below, which builds upon Propositions 1 and 2.
o In Proposition 1 we study the perturbation cov(X, ,_) — cov(XLZ =] ). However, we do not have access to z,
which is not an observed data point, but only to a sample of Z. Likewise, for a fixed scale r and center z, we

do not have access to X2"=! but only to X[zr=].

e Proposition 2 then shows that with high probability, up to a small change in scale from r to r—, the covariance

2=l and XLZW] are close, allowing us to translate our analysis above of cov(ng ’T=]) to

computed from X

cov(X X\ .

Our main Theorem combines these two perturbations.

Proposition 1. Let the assumptions in Section 3.3 hold for a fixed z € M, and choose r= € (Rumin, Rmax)- Let T = To,_ 5,
€=¢€_ntbeasin(3.8),t>Cy,e< c% < % and choose y = Yy_ n.+ and @ = @,_ y ¢ as follows:

2 /D
= )\I?Illﬂ - 62 - )\maxe ) ()02 = . /\/E ( e 6) (39)
1+4+e€ n

Then, with probability at least 1 — ce=et’, for 1 as above and such that

O’\/— max 4 n )\max 6’72
1, 21 <r< 1 3.10
© [ © v("SCDJF D 20D>]—r— Ar/ (+A?mx (310
we have
(i) Ak(cov(XLf’T )) is the largest gap ofcov( ’ *])

(ii) the following bound holds

ol | D D
Hcov(XL{ J)—COV(XZ’r:) — 021D|| < <202 me (1 + klogk€1ﬁ30D>

(iii) if we let 1y, (respectively T1,) be the spaces spanned by the top k singular vectors of cov(X . ,_ ) (respectively cov(XLf =l ),
for r in the range above we have

A \/— /2 2
/D t+ maxU ( /2 t+€) t+ € n]dx+0 kK 2 + mdxﬁ 3 + e k ’;7;: T—
m)nin&r 2 2 2/1 r_2
Sain ==y 2 g215c0p — o4/ 2t +oly>cp + 0y/2lu<cp

Proof. See Appendix 8. O

| sin @(Hk, Hk
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Corollary 2 (D large). With the same assumptions and notation as in Proposition 1. For m > C,t > C, and D large

compared to k, let o := o/D be independent of D, and assume ¢ < 5. Then with probability at least 1 — Ce=C%, in the
range

2 2
3€00Amax <r_< Amax (1 + )‘min 52 )\max€>
— 02 — Amax€ — 300K/ VEk 4r’ A

max

)\2

min
we have that

(i) the largest gap of cov(X =) is the k-th gap;

COV(XL;Z’T:])—COV(XZJE)—J2ID

< 3(02€® + Amax00€r+ (Amax+00)er”+ 1 VET? (Amax+1) )
= Flogk

(ii)

We have neither access to a point z € M, nor to B, (r=) N M since our observations are points perturbed by

noise. We show that the effect of this perturbation may be offset by a change in scale, from r— to r, up to the
appearance of terms depending on the “geometric signal to noise ratio” r/o.

Proposition 2. Let D > C, and

1 1 k
€ ( R + 40VD + ——, Ruax — 0VD — — | 0 30(@\/k>,£ (3.11)
6K’ 6K’ k!
where C is a universal constant. Then, for t,v > C, T = ,_ , > 2, 5% < 17;,/2% VD
e =z 1
lleov(XE =) — cov(X1Zm)|| < v? (55 Vv :> 2 = By, (3.12)
n
holds with
s?ov/D oD r ok
s =1 1V — loc — | ==
p < + r +< VTQ/k:> \ Og3ak‘> r
and with probability at least 1 — ce~(V*MAs*AL),
Proof. See Appendix 9. O

We combine the two perturbations above to obtain the following

Theorem 2. Fix z € M and let the assumptions in Section 3.3. Choose r in the range (3.11) intersected with (3o(v/'D V
2
k), %) With 7 and e defined as in (3.8), t,v > C1, e < &= < 1,1 < s* < {5 [k \/D. Then, with probability at least

5 — — 12_0'2D
D2y A A a2y,
1 CG_C((U n)As At ),lf

D )\m X 4 n )\m X 6 g
60\;_ [Ta Vv <1ﬁgCD + 4/ %1EZCD>1 <r-< 4:, (1 + )\27 > (3.13)

where ¢ = Py 4,5 15 0btained from (3.9) by replacing ~y. ,, + with

)\2

min

’k 1
27371 v, )‘r2nin - 62 - )\maxer:,n,t B : <ﬁ8 Vv :) .
U n
we have:
(i) Ak(cov(X[nZ’T])) is the largest spectral gap of cov(XLZﬂ );

(ii) ||cov(X£lZ’T]) —cov(X,,_)—0?Ip|| < Ey,_+ Es,, where Ey ,._, Es . are given in Proposition 2 and 1, respectively;

13



(iii) if we let T1}, and 11y, be the spaces spanned by the top k singular vectors of cov(X..,_) and cov(XLZ’T]), we have

/2 o
2 /D VAnaxo D EAmaxtovkr' 2 | Amaxk’ .3 “EAmax .4
o/ =t + N (wﬁt—i—e)t—i— ax T o Amaxtop +)\fmn % 4+ Fo

k212
A2 —r/2r? /D, [ 2k/r2 D
ﬁTQ—O'Q]_ﬂSCD—O' %t[ 'j/% +O’1520D+U ﬁ]-WSCD —Egyr

This result implies Theorem 1, which explores the regime we are most interested in, specifically 7@ = k - log k -
log D < D with 0/D = O(1). It is trivial to obtain other results in other interesting regimes, for example for
n — oo with k, D fixed (albeit in this case our results are not sharp, in the sense that when @ > D the terms
O(r*) and O(r*) would start decreasing with rate 7~ ). In random matrix theory and free probability a regime of
interest is when D, 77 — o0 with fixed ratio D/ = ¢. In our context that would correspond to fixing the ratio
between D and 7 to ¢, e.g. setting 7@ ~

| sin ©(TIy,, I}, | < (3.14)

t2klogk *
>z

max

Proof of Theorem 2. The proof follows from modifying the proof of Prop. 1 to include one final perturbation, the
perturbation given in Prop. 2, which may be upper-bounded by

26D o’D r \ok 1 k3, k A2 2
2 1 s7o 1V 1 _ 2y Z 2 < 2 S Vv min' =
! ( L SRy RV i G U VI A

=:fs

with probability at least as in Proposition 2. From the proof of Proposition 1, one obtains that under the conditions

of Propositions 1 and 2, if r— satisfies (3.13) then Ak(cov(f(g’r])) is the largest gap with probability as claimed.
Solving the above for r— completes the proof. The proof of (iii) follows similarly, by reasoning as in the proof of
(iif) in Proposition 1 and adding the perturbation of Proposition 2. O

Proof of Theorem 1. This follows directly from Theorem 2 for D large, and choosing v?ux (B, (r=))n = s* = t%. One
then sees that

ook 9 5 9 2 (Cook 1 ook’ 1
9<C— ) > | A _5/\max_— — V=) - o717
bs < r 7= ( min ‘ AL r n t )2(1+¢€)
In order to prove (iii), we start from (3.14) and use the assumptions to simplify and upper bound various terms,
and in particular notice that F, , < C‘TQ’"Z (kv 1), O

Example 2. For the unit sphere S*, we have Amin = Amax ~ 1, 5 ~ k™3, &' ~ 1, Rupin = 0, and Rypax ~ 1.

3.5 Varying the scale

For a fixed point z, one may discretize the range of good scales in the results above at multiple values {r;} of r,
and consider the behavior of A;(cov(X. ,;)) and its empirical and noisy versions. One may then apply the results
above for each r = r; and by taking union bounds derive bounds on the behavior of cov(X. ,,) for fixed z, as a
function of j.

In practice, in our application to estimation of intrinsic dimension, we do the above and determine the intrinsic
dimension by detecting which eigenvalues of \/cov(X. ) grows linearly in 7 (those corresponding to the intrin-
sic dimension), quadratically (those corresponding to curvature directions), and which ones do not grow (those
corresponding to noise), and in which range of scales this holds.

14



4 The manifold case

Consider a smooth compact Riemannian manifold M of dimension dim(M) isometrically embedded in R”, en-
dowed with its volume measure denoted by vol. We let ux = volin RP, normalized to be a probability measure.
The usual assumptions are satisfied, with k£ = k(z) = dim(M), vmin dependent on vol(M) and upper bounds on
the curvature of M, under rather general conditions on M. In this case P*") may be chosen to be the projection
on the k-dimensional tangent plane to M at z, translated along the normal direction to M at z to ensure that
E[X.,. "] = 0. Following H. Federer, let

reach(M) = sup{r > 0 : tub,(M) C D(M)},

where D(M) = {y € RP : 3z € M : ||z — y|| = mingen |2’ — y||} and tub, (M) = {y € RP : d(y, M) < r}. If
reach(M) > 0 then we may choose Ryin = 0 and Ryax = reach(M) for every z € M.

Remark 1. Since our constructions and results are of a local nature (with the only assumption of global character being on
the reach), it is clear how to generalize the setting above to the case of non-compact manifolds, manifolds with boundaries,
and measures different from the volume measure.

Remark 2. We may choose a measure px on M which is mutually absolutely continuous with respect to vol, and the usual
assumptions will still be satisfied, at least locally, depending on the bounds on the Radon-Nykodim derivative %%.

Remark 3. The usual assumptions on X, - allow for a lot of flexibility in the model: for example we could have a manifold
M as above, “corrupted” by complicated structures in the normal directions, which are small in the sense of our usual
assumptions on X, ..

Finally, we observe that the eigenvalues of cov(X. ,) and the corresponding eigenspaces vary smoothly as a

function of r (and z!), and we may therefore smooth the empirical S.5.V.’s )\?(cov(fdf ’T])), for fixed i and %, as a
function of r. Such denoising of the 5.5.V.’s, by taking into account that their expected growth as a function of  is
72 (for the top k) and r* (for the curvature ones), is justified by the near-independence of the covariance matrices
across well-separated scales.

4.1 The case of a manifold with co-dimension 1

Let M be a k-dimensional manifold embedded in R¥*!. Fix a point z € M. Let k1, ...kx, be the principal curvatures
of M at z. In appropriate coordinates (z1, z2, ..., %, y), M is locally given by y = f(x), where:

F(@) = 5(saad + ..+ mad) + O(|[®), (1)

that is, the second order Taylor expansion of f is quadratic with coefficients given by the principal curvatures
[57]. We start by approximating M N B.(r) by a set over which integration will be simpler: for small r, Xo, :=
{(z, f(x)) : |[(x, f(x))||[ge+1 < 7} satisfies

{(z,f(2)) : 2 € B* (rmin)} € Xo,r € {(2, f(2)) : & € B* (rmax)}

where 7 (1min max} = r\/ 1—4-1x2 72, Kmin = Min; x; and kmax = max; k;. The difference between the sets

{max,min}
involved is small and will be disregarded, since it would only produce terms which have higher order in ||z|| than
those we are estimating. The volume element is given by

k
1
dvol(z) = V1+[[Vf|]? =1+ 52/%?)@2 +0(|zlY),

i=1
so that, up to higher order terms in 72, denoting the Lebesgue measure pgx by | - |,

k 2
2(k +2) min

| B* (1) <1+ r2> < vol(Xo.,) < |B*(r)| (1 P 7"2>.
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Therefore i B(,fi" )TI) =1+ O(r?) and Vlof;(r)l) =1— 0O(r?), and we discard the higher order factors as they will
not affect the calculations that follow. The first k£ squared singular values corresponding to of X, are computed
as follows: by symmetry considerations the matrix of second moments is diagonal, up to second order in ||z||, in

the chosen coordinates. For r small, disregarding O(||z||*) terms, and for I = 1,...,k,

1
- zi\/1 ||2dx 1 —§ X2\ d
vol(Xo,») /Bk(r VI \IB%’“\/ ( 3 - i Z) v

= 2(B*)r? + O(r*) = o2(B*)r? + O(r?)

A =

with B* the unit k-dimensional ball. Similarly, for (/\ECOJ’:l] )2(f), we have

0ty gy _ BRI 1 gty B0 (1 et
() = i [, frl <|B,€(T)| [ Syl )) }

vol(Xg ., ) vol(Xg ,
1( 0,r) BF(r) (Xo,r) 42)
— {Z Z,{f (&5(BF) — X}(BY)) ZWJ L (B*) — )\f)\?(IB%’“))}r‘* + O(r®)
7 z<]
where &;(B*) = B% Jgr X723dz . Since the second and fourth moments of S*~!, the (k — 1)-dimensional unit
sphere, are
_ 1 _ 1426 )
NS == LY = —/ =L forl,j=1,....k
l( ) k ) gl_;( ) k(k+2) ori, ) s vy
the corresponding moments of the unit ball are
1 14 26;; .
A7 (B LB = ———2— forl,j=1,....k.
l( ) k+2 ) El]( ) (k+2)(k+4) ori,J ) )

These may be compared, for large k, with the moments of X ~ AN(0,+I;) in R*, which are E[(X)?] = 1,

E[(X)}(X)3] = 1420 We may simplify (4.2):

k

0.71\2) /. 1 k+1
P = s | - x ) 43)

1=1 <i<j

The gap between ()\Z[O’T] V2(f), forl=1,...,kand (A kofl]) (f) is large when this last expression is small. Considering

the scaling as a function of k, we see that ( EO T]) (f) always has the natural scaling £~ !74, as in pur usual geometric
assumptions, while for ()\Lojrrl])2 (f) we observe that:
(i) In this context, the constant  in our geometric assumptions may be chosen equal to fmax = max; |k;|. If
this is independent of %k, equation (4.3) implies that ()\ECOJE) (f) scales at most like k~!7* (as in geometric
assumptions), since the term in square brackets scales at most like k2. This guarantees a spectral gap in the

covariance of size independent of k.

(ii) There are cases where a combination of sizes and signs of the x;’s cause the term in square brackets in (4.3)
to be O(k), and thus « will scale like k2. This happens for example for the unit sphere S¥~1, or for the
hyperbolic paraboloid with x1,...,kx—1 = 1 and s, = —1, as discussed in the next section.

4.1.1 Example: the sphere S* and hyperbolic paraboloids

The expression (4.3), in the case of the k-dimensional unit sphere S*, yields that in a small neighborhood of any
point, forl =1,...,k

[z,r\2 /qky 1 2Nﬁ [z,r]\2 gk k 4Nﬁ
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Rescaled SSV's of the Sphere: k=2,4,8,16,32
T T T T T
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Figure 4: Left: Because of concentration of measure phenomena, in the case of Sk the size of our notion of curvature
x? is small, both in the sense that it scales like £~! as a function of &, and it stays small on large neighborhoods
(of size O(1)). We take advantage of the same phenomenon when estimating the effect of the noise in the proof
of Prop. 2 in Appendix 9. Right: plot of (k + 1)A7_ ,.(S¥) for z equal to the north pole, as a function of the angle
subsumed by the cap B.(r) N'S¥, for different values of k: we see that up to a scale O(1) independent of k the
k + 1-st S.S.V. is much smaller than the top k.

In particular, this implies that the curvature quantity «? in (3.6) scales like k!, as a function of k. In the case of a

hyperbolic paraboloid with x4, ..., ky—1 = 1 and k, = —1, we obtain from (4.3):
[z,r]\2 _ (3k —2) 4 ﬁ
e (W i E

Again, this implies the curvature quantity « in (3.6) scales like k2.
If k is even and we have a hyperbolic paraboloid with x4, ..., ki =land Kk y,..., Kk = —1, we obtain from
(4.3):
2/ ¢y _ k(k+1) 4 i
U T IR T
Here we have « bounded independently of k, which is sufficient for the number of samples to be linear in k.
Regarding viin, we have Ry, = 0 and we may choose vmin = (ugs (S¥))~1; therefore

) ky _ MRk (B*) _ MRk (Bk) -~ L
it B = @) T o D B VE

A more intuitive way (which may be readily formalized using the ideas underlying Lemma 9) to find the
scaling, with respect to k, of the squared singular values of the sphere S* is the following (see Figure 4). We start
by observing that 1 — § of the mass of V;* is concentrated in a ring of thickness ~5 k~! at the boundary of the
cap V¥ = Byo,...0,1)(r) N S¥ (since the volume of V¥, as a function of r, grows like r*). Therefore the projection of
V¥ onto the tangent plane at z will have covariance comparable to that of an annulus of thickness ~ rk~! cos
and dimension k£ and radius r cos %‘), which behaves like k=72 for 6, < 1. This determines the scaling for

AEh2 (2] As for the scaling of (AE:Q)% it is the variance of the projection of V;* onto the axis normal to
the tangent plane at z: at least for r not to small, this is a measure concentrated on an interval of size ~ k=17 sin 6y,
which has variance ~ k~2r%. Observe that this reasoning implies that the “curvature” x we use may be small in a
neighborhood much larger than one may expect.
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4.2 The case of a manifold with general codimension

The case of a manifold of general co-dimension could be treated in similar fashion: let M be a k-dimensional
manifold embedded in R”. In appropriate coordinates (1, ..., 2k, y1,...,yp—r) in R¥ @ RP=* M is locally given
by y = f(x) + O(||z]|?), where:

fz) = % (xTHlx, o ,xTHD_kx) (4.4)

where Hi, ..., Hp_j € RF** are the Hessians of f = (f1,..., fp—x) : R¥ — RP~F_ The computation for the first
k multiscale singular values proceeds as above, yielding once again that they do not depend on the curvatures of
M. For the remaining multiscale singular values, we proceed as follows. Let us consider the (k + 1)-st multiscale
singular value: it corresponds to an eigenvector viy1 orthogonal to (z1,...,x) (which is the span of the first k
multiscale singular vectors) and it is a direction of maximal variance for M in (y1,...,yp—x). In other words, vj4+1
is the direction of a unit vector w maximizing the variance of

D—k
fu(@) = (f(2),w) = (T Hiz,..., 2" Hp_jz),w) = ¥ = 2T (Z lel> T
1=1

which, by the calculations for the case of codimension 1, is given by

k+2 (Z wlTr Hl > :|’r‘4. (45)

Also, observe that while the codimension of M is as large as D — k, the range of f above is no more than k(k+1)/2-
dimensional, since dim(span{Hx, ..., Hp_x}) < k(k+1)/2. This implies that the rank of f as aboveisin factat most
(’”2’1) Therefore, we expect at most (1“2’1) squared singular values of size O(r*), due to the various curvatures,
obtained by maximizing (4.5) over increasingly smaller subspaces orthogonal to the already constructed tangent
and curvature directions.

Finally, we observe that similar calculations may be extended to classes of manifolds which are less than C?,
for example to manifolds that are locally graphs of C* functions, by replacing Taylor expansions by residuals that
are Holder of the appropriate order. This is because our notions of tangent approximations and curvatures are L?
notions, which are well-defined and stable even in situations were there is a lack of smoothness.

2(k+2 )(k +4) [

5 An algorithm for estimating intrinsic dimension

The results above suggest the following algorithm: for each Z in the training set and » > 0, we compute the
eigenvalues (A2, i = 1,.... D, of cov(X")). When r is large, if M is contained in a linear subspace of dimen-
sion K (K > k) we will observe K large eigenvalues and D — K smaller noise eigenvalues (we will assume that
K < D). Clearly, k < K. Moreover, {( 12, T]) }i=k+1,...,p will be highly concentrated and we use them to estimate
o, which is useful per se. Viewing {()\E )2},-: K+1,...,p as a function of r, we identify an interval in  where the
noise is almost flat, thereby removing the small scales where the distortion due to noise dominates. From this

point onwards the algorithm will work on this restricted interval. We look at the first {(S\EZ’T])Q}i:L___7 % ,and the

goal is to decide how many of them are due to the extrinsic curvature of M. But the curvature S.5.V.’s grow with
rate at most 4, while the “tangential” (non-curvature) S.S.V.’s grow with rate r: a least-square fit to {()\[Z )2}, as
a function of r, is used to tell the curvature S.S.V.’s from the tangential ones, yielding our estimate for k. Finally,
we estimate [Ruin, Rmax] as the largest interval of 7?’s in which A[Z 7l ()\[Z T]) (ALZJ: )? is the largest gap.

The many details and available options are documented in the code?.

2ywww.math.duke.edu/  ~mauro
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[k, Rmin, Rmax] = ESDIMMSVD (X, 2, Komax)

// Input:

// X, :ann x D set of noisy samples

// %:apointin X,

// Kmax : upper bound on the intrinsic dimension %k
// Output:

/) k: estlmated intrinsic dimension at Z

// (Rmin, Rmax) : estimated interval of good scales

{151, (:\E;l’:_]l)Q} — FindLargestNoise?ingularValue(Xn, Z)

Rumin < Smallest scale for which (ALZ‘T] )2 is decreasing and | B (Rmin)| > Kmax 10g Kmax
kit 7

Rumax — Largest scale > Ruin for which (Al*™)? is nonincreasing

k « Largest i such that:

- for 7 € (Rumin, Rmax), (S\LE’T]) is linear and (A z+1]) is quadratic in r, and

(3

- APV is largest gap for 7 in a large fraction of (Rmin, Rumax)

(Rmin, Rmax) « Largest interval in which A Vis the largest gap

Figure 5: Pseudo-code for the Intrinsic Dimension Estimator based on multiscale SVD.

5.1 Algorithmic and Computational Considerations

Instead of computing COV(X»[nZ ’T]) for every Z,r, we perform a subsampling in scale and in space, as follows. A
set ' ¢ X, is called a d-net in X,, if {B.(26)}.er covers X,, and any pair of points in I' has distance larger than
0. We select an increasing sequence 0 < 6y < --- < §; < ... with §; — oo, and for every j we construct a §;-net,
called I';. The construction of multiscale nets is of general interest, we refer the interested reader to [58, 59] and
references therein. For example, we may choose §; = 27y, or in such a away that Ex[|B,(d;)|] grows linearly
in j, and stop at the smallest level J s.t. |I';| < 10, say. Here and in what follows |B,(d;)| is the number of

samples in B,(5;). We compute (A2 for r = §y,...,6, and, for r = 6,, = € I';. Here i may range from
1 up to I := min{D,n,, K}, the maximum rank of cov(XE ’T]), where K is a pre-specified parameter (that may
be D A n). We therefore obtain a discretization of the continuous (in space and scale space) quantities (:\EZ’T])Q.
Note that we still get an estimate of the intrinsic dimension at every point given an z € X,,, at each scale j, we
associate x with the z, ; € T; that is closest to it, and we approximate (\; [2,05] )2 by (\; [#2.5:05 ])2. In order to avoid
artifacts due to the randomness of I'j, one may repeat this construction a 'few times and take the expectation (or

vote), over the runs, of all the quantities we are interested in. The cost of computing {(}; = TJ]) ti=1,....1 by [60] is

O(D - |B,(rj)| - (I + Cun)), where C\,, is the (normalized) cost of computing a nearest nelghbor whlch after the
preprocessing step of constructing the multiscale nets, is O(2°* logn), where c is a universal constant (e.g. [59]
and references therein). The procedure is repeated O(n/|B.(r;)|) times at each scale (for each z € T;), and then
across all scales j = 0,...,J, with J = O(logn), for a total cost of O(D - nlogn - (I + Cpy)). In the worst case,
I = min{D,n, K}, yielding O(D - nlogn - (min{D,n, K} + Cyy)). Finally, we observe that our algorithm is very
highly parallelizable and easily distributable.

We have run rather extensive comparisons with other algorithms, see Figure 6.

5.2 Experimental Results
5.2.1 Manifolds

We test our algorithm on several data sets obtained by sampling manifolds, and compare it with existing algo-
rithms. The test is conducted as follows. We fix the ambient space dimension to D = 100. We let Q*, sk, S
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g, 1) e

Figure 6: Top: Timing experiments for our algorithm: time to construct the multiscale nets ("M-Net’), calculation
of multiscale statistics ("M-Stats’) and the total time ("Est.Dim.”). All plots are in log-log scale. Left: time vs. n
for S¥(n, D, o), for n = 1000, 2000, 4000, 8000, 16000, £ = 8, D = 100, and o = 0, 0'—\/255. Times grow linearly in n,
with the noise slightly increasing the computational time of each sub-computation. Center: same as left, but with
D = 1000: the increased ambient dimensionality does not cause, in this instance, almost any increase in time, not
even by the meager factor of 10, which one would expect from the cost handling vectors which are 10 times larger
in distance computations. In particular, no curse of ambient dimensionality appears. Right: computation times as
a function of intrinsic dimension k = 2,4, 8, 16, and notice a mild increase in computation time. Tests were run on
an Apple® Mac Pro with 2 x 2.93Ghz Quad-Core Intel Xeon® processors, 32 Gb of RAM, and Matlab® 7.10 with
parallel mode enabled (the time reported is total CPU time across all CPU’s). Absolute values on the y-axis should
not be taken too seriously. Bottom:Comparison of running time between our algorithm and competitors (with the
parameters set as in all other experiments). “RTPMM” and “Smoothing” had complexity that grew too quickly in
n to make their inclusion practical. The same applies to “MFA” (3 orders of magnitude slower than “MSVD”), so
we ran 500 times faster by reducing the number of iterations/initializations (with respect to the default value of
these parameters), and, assuming a constant cost per iteration, multiplied the running time back by 500.
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ZF be, respectively, the unit k-dimensional cube, the k-dimensional sphere of unit radius, a manifold product of
an S-shaped curve of roughly unit diameter and a unit interval, and the Meyer’s staircase {xo,x(- — ) }i=o,...,D-
Each of these manifolds is embedded isometrically in R®, where K = k for Q*, K = k + 1 for S*, K = 3 for
Sand K = D for Z¥, and R¥ is embedded naturally in R”. Finally, a random rotation is applied (this should
be irrelevant since all the algorithms considered are supposed to be invariant under isometries); n samples are
drawn uniformly (with respect to the volume measure) at random from each manifold, and noise N ~ o\ (0, Ip)
is added. We incorporate these parameters in the notation by denoting Q*(n, o) the set of n samples obtained as
above, where the manifold is the k-dimensional unit cube and the noise has variance ¢ (and analogously for the
other manifold considered). We also consider a variant of these sets, where we dilate R¥, after embedding the
manifold, but before any other operation, by a diagonal dilation with factors drawn uniformly at random in the
multiset {1,1,1,1,0.9,0.9,0.9,0.8,0.8}.

We consider here k = 6,12,24,48 for Q*, k = 5,11,23,47 for S¥, and | = 20 for Z'. The samples size is set
as n = 250, 500, 1000, 2000. We let the noise parameter ¢ = 0,0.01,0.025,0.05,0.1. For each combination of these
parameters we generate 5 realizations of the data set and report the most frequent (integral) dimension returned
by the set of algorithms specified below, as well as the standard deviation of such estimated dimension. We test
the following algorithms, which include volume-based methods, TSP-based methods, and state-of-art Bayesian
techniques: “Debiasing” [47], “Smoothing” [46] and RPMM in [61], “"MLE” [62], “kNN" [63], “SmoothKNN" [64],
“IDE”, “TakEst”, “CorrDim” [51], “MFA” [65], “MFA2"” [66]. It is difficult to make a fair comparison, as several of
these algorithms have one or more parameters, and the choice of such parameters is in general not obvious. We
attempted to optimize the parameters of the algorithms by running them on several training examples, and we
then fixed such parameters. The Bayesian algorithm “MFA” of [65], which implicitly estimates intrinsic dimension,
was run on the test set by the authors of [65], given the knowledge that no data set would have intrinsic dimension
larger than K = 100, which is the input to our algorithm. For “MFA2”, the authors of [66] were also given access to
the the code that we used to generate the manifolds used in order to fine tune the algorithm from [65] (but not the
knowledge of the manifolds in the test set), and therefore were able to somewhat tune and modify their algorithms
accordingly. While both “MFA” and “MFA2” were therefore given an advantage compared to the other methods,
the results show that no advantage in terms of performance was achieved.

5.2.2 Varifolds

We consider a few simple examples of how the analysis and algorithm apply to the case when the dimension
of the point cloud varies at different locations. We apply the analysis and the algorithm pointwise, to some toy
examples: to a data set used as benchmark for several algorithms in [45], and to the data sets that we analyze,
where the dimensionality is expected to change from point to point.

5.2.3 Real Data sets

In this section we describe experiments on publicly available real data sets and compare to previously reported
results. We consider the MNIST database®containing several thousands images of hand written digits. Each image
is 28 times 28 pixels. A mixture of ones and twos is considered in [44] and [63] who find £ = 11.26 and k =
9 respectively. In Figure 13 we show the plot of the point-wise estimates at different points and the average.
Figure 13 shows the same plot for different digits. In Table 5.2.3 we report the dimension estimated for each
individual digit and compare with the smoothed Grassberger Procaccia estimator from [51] and the high rate
vector quantization approach in [49].

Next we consider the IsoMap faces database* consisting of 698 images of size 64 times 64 pixels. We find an
average intrinsic dimension k = 2 (Figure 13). [67] finds k between 3 and 4 (smaller values at large scales), [68] find
k € [3.65,4.65], [51] find an intrinsic dimension k = 3 using either Takens, Grassberger Procaccia or the Smoothed
Grassberger Procaccia estimators, [69] find k£ = 4 and k = 3 depending on the way the point-wise estimates are
combined (average and voting, respectively), and finally [44] find k = 4.3.

3 http://yann.lecun.com/exdb/mnist
4http:/lisomap.stanford.edu/dataset.html
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Figure 7: Benchmark data sets: cube.

The face video database® consists of 1965 images of size 20 by 28 pixels. We find an intrinsic dimension k = 2,
see Figure 13. [49] estimate k € [4.25, 8.30].

Finally, we consider some data-sets whose intrinsic dimension has not been previously analyzed. The CBCL
faces database (http://cbcl.mit.edu ) contains 472 images of size 19 times 19 pixels. We find an intrinsic
dimension k = 2, see Figure 13. The 20 news group is a set of 1161 documents represented as vectors in 1153
dimensions, and we find an intrinsic dimension & = 9, see Figure 13.

5.3 Linear Bi-Lipschitz perturbations

The following lemma characterize the effect of a linear Bi-Lipschitz perturbation of the data.

Lemma 1 (Bi-Lipschitz perturbations). Suppose X,, = {x;}?_, is a (deterministic) set of n points in RP with max; ||z;|| <
7. Let ® : RP — R? g linear map of X, into RY satisfying, for every x;, z; in X,,, the bi-Lipschitz condition

(1= )llzs — 2] < |@2; — Baj|* < (1+ €)|zi — 5. (5.1)

Then:
IA2(cov(X,,)) — A2 (cov(®(X,)))| < 4er?.

The above result is straightforward, and we report a short proof for the sake of completeness.

Proof. Let m = 13" | X;. The eigenvalues of cov(X,,) are the same as those of the n x n matrix (X, — m ®
X, —m® 1)ﬁ, where X, is the n x D matrix representing the point cloud, and similarly for cov(®X,,). Note

Shitp://www.cs.toronto.edu/ roweis/data.html
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Figure 8: Benchmark data sets: sphere. Note the failures of our algorithm: at very high noise, at very small sample
size compared to intrinsic dimension (S'!(250, o), S*7(2000, 7)).

that (1(X,, —m® 1)(X,, —m@ 1)7T);; = L(X; —m, X; —m). Let D = {a; — z; : ;,z; € X,} be the set of all
differences between the points. ®7'® is close to the identity on the set D:

E(xy —zj),zi —zj
(70— )0~ ) = (0 + By =), =) = [ — P (1 E2 22 23))
i J
T . L. . . (E(zi—z;),zi—x;)]
Our bi-Lipschitz condition implies B [Py

E . .
max,ep % <e.Wemay writez; — L 3" 2, = 13" (21 — z;), and then estimate

< efor all z; — z; € D. Because E is symmetric, ||E|p|| =

n n

(®T®(x1 —m), zy —m) = <% Z@TCI)(xl —2;), T2 —m) = (% Z(I + E)(x1 — ), x2 — m)
= (x1 —m,za —m) + % Z(E(azl — Z;), T3 — M)

Since |1 37" (E(z1 — z;), m2 — m)| < || E||p(2r)(2r) = 4er?, we have cov(®(X,,)) = cov(X,,) + £ R, where |R; ;| <
4er? and R is n x n. The upper bound ||R|| < n||R||max < 4er’n, where || R||max = max; ; |R; ;|, implies
A7 (cov(Xn)) = A (cov(®(Xy)))| < der?.
O

Example 3 (Johnson-Lindenstrauss [70]). We can consider taking ® to be a multiple of a random projection. In particular,
let P : RP — R? be a projection onto a random (in the sense of [70]) d dimensional subspace of RP, and let & = \/gP.
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Figure 9: Benchmark data sets: S-shaped manifold S and Meyer’s staircase Z. The results for Z2° are consistently
better than those for Z'°, once fixed the number of points and the level of noise. This is consistent with the fact
that 220 has a smaller effective curvature than Z'°.

§47 (4000, 0.01)

$%7(4000,100,0.01): multiscale average singular values and their standard deviations

E o(zn]

Figure 10: Two examples that pose difficulties. Left: 847(4000, 100, 0.01) has large intrinsic dimension, even so,
with only 4000 samples the curvature is visible even in presence of (small) noise, albeit hard to automatically
detect. In this case the algorithm fails to identify a range of good scales. Right: Z2°(1000, 1000, 0.016) has multiple

Ez[c‘(z,r)]
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5] & = =] o 51 =} = @ = = =

0%(1000, 0.00) 5 5 5 6 5 5 6 6 4 1| 4 6
012 (1000, 0.00) 7 9 9 10 [ 10 [ 10 10] 12 7 1 3 12
027 (1000, 0.00) 9 16 16 | 17 | 17 [ w7 [ 172 [ 1 1 2 24
078 (1000, 0.00) 11 26 25 [ 29 [ 28 [ 28 [ 28 [ 32 | 19 1 2 18
55 (1000, 0.00) 4 5 5 5 5 5 5 4 1 9 5
511 (1000, 0.00) 7 9 9 10 | 10 ] 10 [ 10| 10 8 1 2| n
523 (1000, 0.00) 10 17 16 | 18 [ 18 [ 18 [ 18 |18 13 ] 1] 14 ] 2
577 (1000, 0.00) 11 27 26 | 31 [ 30 [31 [ 29 [ 20 [ 21 1 14 | 48
S(1000, 0.00) 2 2 2 2 2 2 2 2 2 T 5 2
21(1000, 0.00) NaN [ NaN | 2 [ 93 | 0o [ 1| 2 [ e8] 3 115 | 1

Figure 11: This table contains the dimension estimates for a quite benign regime with 1000 samples and no noise.
Even in this setting, and for the simplest manifolds, the estimation of dimension is challenging for most methods.
Our algorithm fails with nonnegligible probability on S%7(1000, 0.00) because of the curse of intrinsic dimension-
ality (see Figure 9).

Paintuise it gral gimension estimate Maximal goo local scale

Figure 12: Our algorithm can produce pointwise estimates, albeit it is not designed to take advantage of any
“smoothness” or clustering property of the local dimension as a function of the point. Top left: a 2-sphere and
a segment. Top right: for every point we plot the estimated maximal good scale: it is large when sphere and
segment are far away, and small close to the intersection. Bottom left: The data is a very noisy 1-dimensional
spiral intersecting a noisy two-dimensional plane from [45]. Our algorithm assigns the correct dimension 1 to the
spiral (because of the noise), and dimension 2 to the plane. 86% of the points on the spiral are assigned a dimension
smaller than 2, and 77% of the points on the plane are assigned dimension 2 (or greater). Overall, clustering by
dimension gives an accuracy of 86%, which is not as good as the 97% reported in [45], the present state-of-art to
our knowledge (that uses knowledge about the number of clusters, and that each cluster is a smooth manifold, to
gather strength across multiple neighborhoods).

MNIST digits 1, 2 IsoMap Face Video CBCL Faces Science News

Figure 13: For each data sets we plot the point-wise estimate for a subset of the points (blue) and the average across
the different points (red).
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Digit 0 1 2 3 4 5 6 7 8 9
MSVD 2 2 3 2 2 2 2 2 3 3
IDE 11 7 13 13 12 11 10 13 11
HRVQ (r = 2) 7 21 16

Figure 14: This table contains the intrinsic dimension estimate for each digit obtained with our method (MSVD),
with the smoothed Grassberger-Procaccia estimator from [51] and with high rate vector quantization methods in
[49].

equation (5.1) will be satisfied with probability larger than 1 — 6.

Example 4 (Johnson-Lindenstrauss for manifolds [71]). If M is a well-conditioned manifold, i.e. M is smooth and has
positive reach, then by approximating M by a finite number of tangent planes, applying the Johnson-Lindenstrauss Lemma
to the portion of M associated to each chosen tangent plane, and taking union bounds, one sees that in this case a (rescaled

by \/g) random projection onto a d = O(k log D)-dimensional subspace will satisfy (5.1) w.h.p.. See [71] for the precise
conditions and statements.

5.4 Kernel methods

It seems common practice to estimate the intrinsic dimension of a data set by applying a manifold learning algo-
rithm, that produces a map ®; : M — R/, for a given [ considered a parameter. The map ®, is usually sought to
have small distortion in some sense. For example, ISOMAP [1], one of the first and most popular algorithms, tries
to minimize the distortion between geodesic distances on M and Euclidean distances between the image points
®;(M) C R It returns a residual variance defined as

Dy (i, ) - || (i) — Pula;)|

resVar; ;=1 — - + € [0,1],
2 2
(Zry el 2)?) " (S, 120() = u(a)|2)
which is minimized when du(z;, z;) = ||®i(z;) — ®i(x;)|| for every i, j. The vector (resVar;);>o is often used

in practice as a spectrum (related to that of a MultiDimensional Scaling operator associated with the matrix of
geodesic distances on M) from which the intrinsic dimension of M may be inferred. However, there exist few
and weak guarantees for when this may indeed yield the correct dimension, which motivated the search for better
algorithms (e.g. [4, 72, 73]). The few simple experiments that follow suggest that the use of such algorithms to
infer intrinsic dimension is potentially misleading (see Figure 5.4). Moreover, we ran our algorithm on ®;(M),
with ®; computed by ISOMAP (for [ = 50 and [ = dim(M) + 1), and the results consistently underestimated the
true intrinsic dimension, except for $(1000,0). We expect similar phenomena to be common to other manifold
learning algorithms, and leave a complete investigation to future work.

In [74] it is suggested that diffusion maps [7] may be used in order to estimate intrinsic dimension as well
as a scale parameter, for example in the context of dynamical systems where a small number of slow variables
are present. Rather than an automatic algorithm for dimension estimation, [74] suggests a criterion that involves

T;—T; 2
eyeballing the function ), ; e~ - , as a function of ¢, to find a region of linear growth, whose slope is an
estimate of the intrinsic dimension. Figure 5.4 shows that this technique may fail even with rather small amounts
of noise.

A promising approach, for which guarantees may be derived, would be to apply the eigenfunction or heat
kernels maps described in [72, 73]. Such mappings provide a 1 + € bi-Lipschitz embedding of a ball centered at
a point z which has a near maximal radius R, in the sense that balls of larger radius would not admit any 1 + ¢
bi-Lipschitz embedding to Euclidean space. Combining these results together with Lemma 1 we deduce that the
present algorithm could be run in the range of, say, the heat kernel map of [72, 73], where balls around a point z
have been “maximally flattened”. In this way, the present algorithm becomes independent of the embedding of
the manifold in the ambient space, because such is the embedding of [72, 73]. Moreover, such independence is
achieved with the most favorable possible parameters, for example for R.,.x essentially as large as possible.
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Figure 15: From left to right, top to bottom: (a) A realization of S(1000,0) (red circles) and S(1000,0.1) as in
section 5.2.1. (b) (resVar;); for S(1000, 0), from which the intrinsic dimension 2 may be inferred. (c) (resVar;); for
§(1000,0.1), from which the intrinsic dimension seems hard to infer. Our algorithm, as shown in section 5.2.1,
handles these cases correctly (w.h.p.). (d) the vectors of (resVar;), for Q'°(1000,0), S°(1000,0), Q'°(1000,0.1),
SY(1000,0.1): it seems hard to see a difference between the intrinsic dimensions 10 and 9, in both the noiseless
and noisy cases. (d) the vectors of (resVar;); for Q'°(1000,0), S(1000,0), Q'°(1000,0.1), S°(1000,0.1): it seems
hard to see a difference between the intrinsic dimensions 10 and 9, in both the noiseless and noisy cases. (e)
The dimension of S$%(2000,0.01) in R'% estimated according to the heuristic in [74] yields the wrong dimension
(~ 8) even for small amounts of noise; this is of course not a rigorous test, and it is a heuristic procedure, not an
algorithm, as described in [74].
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6 Extensions

The work presented here may be extended in several directions, with minor modifications to the proofs. For ex-
ample, the usual assumptions may be weakened or changed in different directions without substantially changing
the conclusions. We mention a few cases here that may be of interest:

(i) The scaling of tangent and normal singular values may be changed, for example by assuming that there exist
0 < ar < ay such that

)‘zz(COV(Xz,TH)) Cklror [>‘r2nin7>‘r2nax] » Pax Ai(COV(Xz,TH)) < kTlrors?
<i<k
o 2 t Xz rL
IXY] < VRrr® foras. | [leov(Xo, b)) < pen TV D)) gy
' k [leov(Xzr )|

The main results still hold with simple modifications. Moreover, if ar, ax are not known a priori, they may
be inferred from data: one may estimate a7 from (\"")2 and ay from (A"))2 (as functions of ).

(ii) The exponent in the scaling of the volume does not need to be exactly equal to k: this would only change the
“entropy” terms in the Theorems, used to lower bound, w.h.p., the number of points in a ball, but everything
else stays the same. This shows how the geometry and scaling of the covariance matrix is crucial to our
approach, rather than the scaling of the volume.

(iii) The log k factors are not needed if X, !l is assumed to be subgaussian, i.e. satisfies P((X..,0)] > t) <

2e™ maxr for any 0 € Sk=1, and r € [Rumin, Rmax)- Then cov(XwH) may be approximated with a number of
samples that depends only linearly on k, without the extra log & factor [75]. In this (natural, in our opinion)
setting, all other assumptions being the same, the log k¥ would disappear from all our results. Extending to
the case o N = ol Nl 40+ N+ with ol # o+ is possible, where o/| NIl = P*" g N and 0+ N+ = (I-P=")oN,
by modifying the part of the proof in Appendix 9, in particular the upper bounds on the set I,. We believe
that robustness with respect to much larger classes of noises holds, in particular noise without spherical
symmetry.

(iv) The methods presented may of course be applied after kernelization, leading to estimates of the dimension
in the image of the kernel map. In particular, this may be combined with the maps introduced in [72, 73],
which provide provably bi-Lipschitz embeddings of large portions of a manifold. See also section 5.3 about
bi-Lipschitz perturbations.

7 Overview of previous work on dimension estimation

The problem of estimating intrinsic dimension has been considered in physics — for example to study attractors
of dynamical systems— and in statistics/signal processing— for the analysis of high dimensional data/signals. Dif-
ferent definitions of “intrinsic” dimension have been proposed in the different domains, in particular there exist
several notions of fractals dimensions: correlation dimension, Hausdorff dimension, box counting, packing di-
mension [76]. When the data are modeled as a manifold, possibly corrupted by noise, we can define the intrinsic
dimension, at least locally, as the dimension of the manifold.

There is a large body of literature at the intersection between harmonic analysis and geometric measure theory
([77, 26, 27, 28] and references therein) that explores and connect the behavior of multiscale quantities, such as
Jones” -numbers [77], with quantitative notions of rectifiability. This body of work has been our major inspira-
tion. The multiscale singular values we use are related to the multiscale S-numbers of Jones, but instead of fixing
a dimension and exploring the behavior of the appropriate S-number for that dimension, we explore all the di-
mensions simultaneously and deduce the suitable dimension from the behavior of this ensemble. While the past
analysis was done on continuous sets, the techniques in this paper allow to analyze what happens when we only
have a finite number of random samples from a measure, and, additionally, a perturbation by noise in the ambient
space. This is expected to be useful in other situations when sampled noisy data sets are analyzed by such tools.
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A survey of many proposed estimation techniques can be found in [12]. We focus on those methods for which
implementations are available and that we considered in our experiments. Some classical estimators originally
proposed in the physics literature are based on the notion of correlation integral and correlation dimension [53]:
the correlation integral is defined as

C(r)=P(|X - X'|| <r), (7.1)
where X, X’ are independent copies of X, and the correlation dimension is defined by k.q = lim,_ %. In
practice one assumes that, for some constant ¢ and r sufficiently small,

C(T‘) ~ crked , (7.2)

and approximates the correlation integral from a finite number of observations {x;}}" ,. Grassberger and Procaccia
[53] considered the following empirical proxy to C(r)

2 n
Onlt) = 1y 2 Xl

1<j

The above quantity can be computed for different values of r and the correlation dimension can be estimated from
log C,,(r) ~log ¢+ kg log r using linear regression. A different estimator was proposed by Takens [50]: it is based
on assumption (7.2) and on a maximum likelihood estimate of the distribution of the distances among points. The
Takens estimator of the correlation dimension is given by

-1

o=, 2 (%)

1<i<j<n

where D;; = || X; — X,|| are all the distances smaller than r. A smooth version of the Grassberger-Procaccia
estimator is proposed in [51] where, in the definition of correlation integral, the indicator function is replaced by a
suitable kernel function, that is

Unlhym) = ——— 3" Ki(llzi - a?) 7.3)
n(n—1)

1<i<j<n

with K (|| — 25]1?) = % K(||z; — 25]/*/h?), where K : Ry — R, is a suitable compactly supported kernel
function [51]. If ¢ = k it is shown in [51] that U,, (h, ¢) converges with high probability to

C/M p?(z)dx

for n — oo, provided that we choose h so that h — 0 and nh* — oo (C is a suitable constant). With the same choice
of h, Uy (h,{) converges to 0if ¢ > k and to oo if £ < k.

Note that, in all the above algorithms, rather than using different values of » we can consider (and vary) the
number of K nearest neighbors, letting r = 7k, the distance to the K nearest neighbor, which is done in [47, 46],
where they consider estimators based on

Ln(TK) = Z Z ”xl - 'er2XI|$1Z—$jHSTK (xj)

i=1 j=1

It is possible to prove [48] that for n — oo, L, (rr )n~(F=2)/F) converges to

bkyKC'/ p(k_Q)/k(x)da:
M
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where C depend both on k and K. For large n one could consider the approximate equation
Ln(rK) = ck,Kn(k_2)/k +én.

Similarly to the Grassberger-Procaccia estimator, one can compute L, (rx ) for different n and use linear regression
to estimate k, but one has to further optimize w.r.t. ¢, . The estimators in [47, 46] are based on refinements of the
above idea.

Approaches similar to those described above have been proposed to approximate the intrinsic estimator at a
given point, essentially by fixing one of the two variables in (7.1) at some point « and considering C(xz,7) =
P (|| X’ — | < r). Similarly to (7.2), if C(x,r) ~ N(x,r)r* and N(x,r) ~ Ny then log C(z,r) = log Ny + klogr. If
we estimate C'(z, ) for different values of 7, then we can estimate the local intrinsic dimension by linear regression.
Levina and Bickel [44] propose a method based on the above intuition, approximating the process that counts the
number of points falling into a ball of radius r can be approximated by a Poisson process. In this way they derive

the maximum likelihood estimator
1 & -
r
= (25 (1)
<n,« 28\ To =]

where z;, j = 1,...,n,, are points contained in the ball of radius r centered at x (in practice the nearest neighbor
version is used). This estimator is a local version of the Takens estimator. In [45] translated Poisson processes
are considered to improve the robustness of the above estimator towards noise and outliers, with a regularization
parameter a and a noise parameter o (which are likely to be related) control the robustness levels. The authors
also propose a non local version of the above estimator, based on a mixture of processes with different parameters:
such a model can describe data that is a combination of a small number of regions with different dimension.

An intrinsic dimension estimator based on local SVD was first discussed in [39]- see also [43, 40]. The main
difference between the above algorithm and the one proposed in this paper is that instead of considering the
SVD at one scale, we proceed in a multiscale fashion. As we have discussed in the introduction this is related
to the choice of the size r of the local neighborhood which is guided by the following trade-off: if r is small the
linear approximation of the manifold is good but we are prone to see the effect of the noise, viceversa when
r is large there is a better robustness to noise but curvature might lead to an overestimation of the dimension
(the so called noise/curvature dilemma in [40]). The methods in [39, 43, 40] are restricted to work in a range of
very small scales where the linear approximation is exact, whereas, as a by product of our theoretical analysis,
we have a whole range of larger scales where we can clearly distinguish the eigenvalues due to the curvature
from those yielding the intrinsic dimension. This immediately translates into better noise robustness and sample
complexity properties, and is the likely explanation the the poor experimental results in [43], which could lead
one to prematurely conclude that eigenvalue methods are sensitive to noise and small sample size. Our empirical
analysis indicates that this is not the case.

There are several works studying the statistical properties of intrinisic dimension estimators in terms of finite
sample bounds and consistency. The consistency (without rates) of the Takens estimator is studied under very
general conditions in [52]. Sample bounds for the U-statistics (7.3) used in the smoothed Grassberger Procaccia
estimator are given in [51], where it is shown that the sample complexity is exponential in the ambient dimension.
The statistical properties of a local nearest neighbor estimator are studied in [69]; in this case the rates are still
exponential but only in the intrinsic dimension. It is worth noting that none of the previous theoretical analyses
consider the case where the data are corrupted with (possibly high dimensional) noise.

While working on this manuscript we were made aware by K. Vixie of the work in [41] (and some references
therein, in particular [55, 56]), where it is observed that the growth rate of singular values of data computed at
multiple scales may be used for detecting intrinsic dimension. While the local data whitening technique consid-
ered there is not well-suited with noisy data in high-dimension, in those references the authors do consider some
noisy data sets, mostly in low-dimensions. Our analysis extends those works by carefully analyzing the effects of
sampling and noise on the multiscale singular values, by providing finite sample size bounds, and by extending
these techniques to a setting far more general than the setting of smooth manifolds, which may be better suited for
the analysis of data sets in truly high dimensional spaces. Also, M. Davies pointed us to work in the dynamical
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systems community, in particular [23, 24, 25] where local linear approximations to the trajectories of dynamic sys-
tems are considered in order to construct reduced models for the dynamics, and local singular values are used to
decide on the dimension of the reduced system and /or on Lyapunov exponents. Finally, [78] discusses various tree
constructions for fast nearest neighbor computations and studies how they adapt to the intrinsic dimension of the
support of the probability measure from which points are drawn, and discusses and presents some examples of the
behavior of the smallest & such that (in the notation of this paper) Zle Acov(X,,)) > (1 —¢) Zil Aceov(X,.)),
where ¢ is some fixed parameter (e.g. ¢ = 1072). This should be contrasted with our approach, where all the
A(cov(X, ) are studied jointly as a function of r, rather than fixing a threshold ¢; this also has the advantage,
when the samples are corrupted by noise with covariance of size o2, of requiring the largest eigenvalues of the
covariance to be larger than o2, rather than 02 D as required by the condition above.

The estimates we obtain on the multiscale covariance matrices, generalize somewhat a variety of estimates
in the literature, as they combine a nonlinear geometric model with noise, instead of focusing on a linear model
with noise, whether they are asymptotic in character (see e.g. [79, 80, 81, 82] and references therein) or in the
finite-sample size regime (see e.g. [83, 84]).

We recently became of aware of the work [85], which was written after [32, 19, 31] and cites at least some of
these results. The main result of [85], on perturbation of approximation of tangent planes, follows immediately for
the results of [32, 19, 31], and of course also as a very particular case of this work. The main differences between
[85] and [32] and this work are that only the smooth manifold case is considered there and the observation model
in [85] is not clearly specified, but our understanding is that the noisy matrices considered there are not naturally

observable, being those that in our notation correspond to X271 rather than X171, which is really all that can be
observed.

Finally, recent work [65, 66] uses Bayesian methods to construct certain models for data, and as part of such
models the intrinsic dimension of data is estimated (while this occurs in both the papers cited, [66] explicitly
discusses this aspect). The comparisons we presented suggest that, for the particular task of estimating dimension,
such methods are less sensitive than other methods when noise corrupts the data (as they explicitly take noise into
account in the underlying model), but they may not be reliable dimension estimators. They also lack theoretical
guarantees, in particular finite sample size bounds. We conjecture that the difference in our experience with MFA,
compared to the results in [66], is due to the fact that all manifolds considered in [66] have very small curvature,
except for one example of a very low-dimensional manifold (a 2-d torus). We suspect that the priors imposed in
the models make them susceptible to gross errors in estimation, at least when the sample size is not extremely
large, and hyper parameters are not optimally set.
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8 Appendix: Proof of Proposition 1

8.1 Some Preliminary Observartions

In this section we prove Proposition 1 comparing cov(X, ,_) with cov(XLf ’T:]), and establishing conditions that

guarantee that the k-th gap of cov(XLf ’T:]) is the largest gap, notwithstanding the high-dimensional noise in the
ambient space. We will use the following observation. If we condition on 7 ,, then the samples X" have the
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same distribution as n. , copies of a random variable X ,, where we recall that X , has distribution s ,, where

pzr(A) = ux(AN B.(r))/ux(B:(r)) is the restriction of px to B.(r). Similarly, we can see X as m iid
sample from (p.,)"*" * (tion ), Wwhere p,n is the distribution of o N. Note that, in the absence of noise, we have

X2 — x27 56 that conditioning on n, , = m

B o s
cov(X) = —xP7 xie
m

and moreover

E [cov(X[)] = E []E {L

nZ,T

e
x 2] Xf’r]mw,” = E [cov(X.,)|nsr] = cov(X..,) .

This suggests that we can proceed by first conditioning on n. , and then removing the conditioning.

Proof of Proposition 1. We stated the Proposition in terms of r— since in that form it is more easily combined with
Proposition 2 to yield 2; here, to ease the notation, we shall work with r instead of r—. Moreover, through out this
section, we will fix z € M and drop it from the notation.

We dispose the random variable n, as follows: first of all we have, if we let Q; o = {n, > z_ % wux (B (r))n}, then

2
2t%klogk .

using a Chernoff bound [86] and n > GAGIE

_ 2
P(Qt,O) =P (nr > g) >1- e_Tk .

Then, we have

P <|COV(XZ7T) — cov(XE)| < e||cov(Xz,T)||>
>P (|cov(Xz,T) — cov(XE|| < elleov(X..)|| | Qm) P (Q.0) (8.1)

e~

t2
> P (Jloov (.. cov(XE)| < dfoor(Xo )l 1900 ) (1)

and therefore we proceed by bounding the interesting event conditioned on €, ¢.
We split the perturbation from the true covariance matrix cov(X ") to the sampled noisy covariance matrix

cov(X,,[") into the following steps:

[ (71! rll xirt (!
cov(X1) _ cov[(])i ? | cov(X Efi ) P cov(X ) 0 -
[cov (X, XM cov(X!™) W 0 cov(X ™)
Lemma
— ol
P COV(XLT]H) 0 | ] P cov(Xg] ) 0
~—~ [r] ~~ 1
Sampling L 0 COV(X” ) Diagonal 0 COV(X%«] )
noise
cov()/(—[\r]/ll) cov()/(—[;ﬂ X[T]L) e
— s /—\/L” s "/—’\/J_" = cov(X,,[")
Wielandt's COV(XLT] R Xq[I] H) COV(XLT] )
Lemma L

where without loss of generality we assumed that range(PI"!) = ({e;}F_,), and with abuse of notation we con-

sidered cov(X [T]”) as a k x k matrix instead of a D x D matrix. The eigenvalues (sorted in decreasing or-
der, as usual) of the 5 matrices above will be denoted by {\2,...,2%}, {(Ah2 ... (A2, M) (5)%)
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Q)% O )% O )% O ),
{(A‘L,l)? . ()\!ﬁk)Q, k) (A p)? 1AM, 15, A% b}, respectively. Except when specified otherwise,

Ny, 10
we shall say that an event €2, has high probability if P(2;) > 1 — cle*@t2 for all ¢ > ¢3, with ¢y, ¢o, ¢3 universal
constants.
P, [Geometric cross-terms]: We bound the error in approximating cov(X!") by cov(X W”) and cov(X 1),
thereby showing that our usual Assumptions are equivalent to hypotheses on the spectrum of cov(X"): for r €

(RmiIn Rmax)

r r - Amaxk 3 KAmaxT
HCOV(X[ ) — P (cov(X! 1))H < S, (A?mn s A 1) (8.2)

In particular, the characteristic scale 7 ~ % is where the effect of “curvature” correction switches from O(r*) to
cov(xtly  (xinlhyr xin*

(XX cov(xl)

result follows from Wielandt’s Lemma 10: for example fori = 1,..., k we have

O(r3). We prove this bound by observing that cov(X["1) = < ) , and therefore the

_ lleov(x 1, x0Ty 2

0 < N (eov(X1) — Xe(cov(x"11)) Aeov(x1!, x4

- A2 2 -yt
k. k&
52 \2 A
< Lk ‘max 7’4 maxﬁr3
>3 _ 2.2
)\min K=T k
The bounds fori =k + 1,..., D follow in the same manner.

We start by conditioning on n, = m. In the rest of the proof, we let ¢ := ¢(k,m,t) = 4/ mTogk and assume
e <1.
P; [Tangent and normal sampling] By Proposition 7 we have, on an event 2, ; having high probability,

2 2 2
[r]” _ [r]H < Amaxr klogk T_ 2 < Amaxr o i
[lcov(XIT) — cov(X || < — \/ — t+ mt <=7 e(l+e€):=P,), (8.3)

——l —
and \/%HXW || < %\/ Amax + € < ’\L\/ﬁ%‘r(l + €). As for XZ}TJ‘, since it is bounded, and since centering only
reduces the norm of the matrix, we have (recalling that the bar notation indicates centering with respect to the
empirical mean)

1

1 K2rd 2 K2rd HX[T] | K'r?
cov(X/' < 1+H)Nk) = , - <
leov(XETH)I1 < 5 (14 n iy = FSE
—l J_ *
2,4 72,4 xIT _ X | w2
X eon(xNY < B (@1 1 ey ag2) = o 1K -
leov(X{1) — con(X )| < S (€14 ) Ak = P IR < T
where ¢ = 4/ M#, K o=r((1+e)NEK), "= r(\/e(l+€)ANE).
P53 [Tangential and normal noise]: We start by considering the perturbation cov XLZ" 1! — cov X[nr i +0N£TTL]” .
g y g P

Since E[cov(NY] = Iy,

20 —I1T il
leov(XI 4 oNII _covx iy = o2, < 22 x0T N ||+a2Hcov(Nk“J”)fCOV(N[’”]”)H :
m

Since, by Proposition 8, on an event of high probability €2; ; we have

I k 1 =l k
N Z Ll <4/ =t —|IN <1 ~t.
|lcov(N ) kllf\/m ; \/T—n|| m | < o
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—7 1Tl
Therefore %HXW NL} || < A‘:‘/E‘%T (1+€) (1 + 1/%1&) < “\“/f*i" (14 3¢) ,sothaton ;1 N Qo

lleov(XI 4 oI — covxt!y — o2, || < (w +a) oe | (8.5)

which implies
2Amax (1 + 3e)r
vk

I
P3

(/N\lrlm)2 c (/\l,‘m)2 +o2+ ( + O’) oe-[-1,+1]. (8.6)

We record the following estimate, obtained by combining (8.3) and (8.5) and replacing 4e by e:

/[\"?]/H 2 [r]ll Amaxr ( T )
cov(Xy, — 0“1, — cov(X <e — +o0 8.7

L L L
Now we consider the perturbation cov(XLf ) ) — cov(XLf " 4 oNU] ). When m > C'D, by (11.2) and Propositions
8 and 10, on an event €, 3 of high probability we have

T 2
cov(XIH NIFT) = ||X£;']L N < 5 Dy
m — \/E m

1
Moreover by Proposition 8, Hcov(Nm )= Ip—kl|| <4/ %t on an event ), 4 1 having high probability. Therefore on
Qt72 N Qt,g N Qt,4’1 we have

L € € 20 Ir r ”
mew%wwﬁ%%me)—fbwkﬁ#mL ”H+#wmw]>fmm

(2\“/;2 —|—a) a\/gt(l +e€),

Am)? e Mhi)?+a2+ (25//; —|—0> 0\/gt(1+6)~[—1,1].

L
P3,1

IN

and hence

[r] - [y ) < 20 ETT N 4 o2 [r] -
Whenm < CD, we use |[cov(Xyn' + 0Ny ) —cov(Xy' || < ||X || + o*||cov(Nw' )||. By Propo-
sition 10, on an event €); 4 » of high probability, letting 6; := d;(m, D t):=Cy/m / D+t/vD VD,

s Dsa)? Jwﬁ“|<¢gu+m

||cov (NI )t

and on Q2 N Q3N Qa0

/.2
HCOV(X[nT]J' +0NL’;]J‘) — cov(XV )|| < (2% + 04/ %(1 +§1)2> oy %t,

so that
~ 2k!r2 D D
12 1 32 | 2 | o
(Ami)” € (M) + ( T +o m(l +41) ) o mt(l +e)-[-1,1]. (8.8)
Pih
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Letting Q¢4 = Q.41 form > CD and Q4 = Q¢ 40 for m < CD , we have on an event €, 3N (2, 4 of high probability,
that:
Ani)® € W i)® + 0" Lmzopy + (Psalm>op) + Pialomeen) ) - [-1,+1]. (8.9)

—p§

P4 [Noisy cross-terms]: Assuming that (S\LV,@)Q > (A 441)% by Wielandt's Lemma 10, (S\LLJ)Q < A2, for

i =1,...,kand (5\#%2»)2 > Xfm fori = k+1,...,D. Moreover, again by Wielandt’s lemma, the size of each
perturbation is bounded by || B|| A IBI® \vhere A = (;\‘Jn’k)2 — (AL 4i1)? and
B = cov(XI 1 oNIII I+ | NI
—— ) T—1 —NT_ 1 AT T L
Xi X oxp N N X et N
m m m m

Since Xg " and X% I are not necessarily independent, on 2, ; we use the bound

1=l =
—xi xl (1+e),
m

L A 7‘
I<E
| < max

which holds w.h.p.; by Proposition 8 and 10, on €, ;

AT L
X Nt S/\max?" <</ / >t+/ 1yt >
Amax D
< \/ET,/Et(lJﬂe).
On ), 3 we have
1 —[r]||T—[T]l K'r? k K'r?
—|IN,, X, < 1+4/—t) < 1+e¢).
m Vi m' )= Rt

Finally, by (11.2) and Propositions 8 and 9, for m > CD

<(Vardm) e

on an event €, 5 with high probability, by changing the universal constants in Proposition 9. For m < C'D we have

w.h.p. that
< <1+\/g> <1+\/§>£§ <1+\/g> (t+e) < %t.

Summarizing, on a high probability event we have

AIIla/)(/:3 [IIX
|B|§< km +(m]: "‘W\/ Zt4 o2/ = >1+26 P,

The largest gap, part L Let A; = X2 . — A2 . fori=1,...,D—1,Ap = A2, ;. We want to lower bound the
probability that Ay = max;=1,...p A;. Forl<i<k:

1

m

—r‘ r]L
NH []

m

ks

! gl
m m

m

A= S‘Enz - >\m g+l S (:\uz,i)Q (ALL z+1) + Py
<2 — 02 +erl + po< )2 - (L)% +2P) 2P + Py
<& +2P) 2Pl + Py

k
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| Object | Bound

k3 mdxnr

Pl )‘m‘d;: ()\2/\. r2—g2rd A 1)
7‘2

P) AmaxZ e (1 4 )

P! o (”WT + cr) (1 + 3e)

P3J- T4/ t( K r? +0< 77L>CD+\/ 1+51 TIL<CD>> (1+€)
Py (*maﬁ = poonr g duaor, [Dy 42, /D t) (1+2¢)

Figure 16: Bounding the P;’s; recall that we have let ¢ = 4/ tzleogk < 1,6, :=C\/m/D+t/VD, ' = k((1+€)NEk),

t2k2 log(DAM)
m :

where € =

For i = k, using (8.6), (8.8) and (8.9):

A =Nk = Mer = N = )

> (A‘f‘rz,,k)2 - PSH - 0\#,%1)2 = 0*1msop) — (P54 0*1necpy)
e K2 B I ol plL

> A)" = 0> —0® =P — Py — P;
)\2 12,.4

> CminT_ —“k’" ~ P - Pl - pt.

Fork <1 < D: .
~ ~ 2
Ai <Akt € Oes)” < W) + Py + 0% < u + P+ 02,

Therefore, in order for A}, to be the largest gap, we have the sufficient condition:

12,4

A2 g2 2l 5272
Zwin” 2T _pll_pll_pl> <T+2P2+2P§'+P4) Y, (—

min

1 2
. 1
k - + P; +a) (8.10)

Remark 4. Note the “inflation effect” of noise: the increase in the bottom singular values by o is somewhat mitigated by the
tangent singular values being “inflated” by 0. This phenomenon had been noticed before in the literature (see e.g. [80, 81]).

Observe that (8.10) implies (5\|T|nk)2 > (AL 1+1)% which we had assumed in P.

The largest gap, part II. We now put together the bounds above in order to determine a range for r that guar-
antees A}, is the largest gap with high probability. Restricting ourselves, following (8.1), for the rest of the proof
to 0, we have to consider only the case m > 7. But for each such m, N_;;; has high probability (uniformly
in m) and the bounds in Table 16 hold with m replaced by the smaller quantity 7, on an event of high probability
intersected with §2; . Combining those with equation (8.10), upon letting 275 = A2 — 6% — 3A\naxe(l +¢), and

replacing Ct by t, increasing 7 as needed in order to maintain e < 1, inequality (8.10) is implied by

Amax 675
r< 4&’ 1+

ek~ 22 (B )]~ o (VB -y Be (o Bras) 20

where the first which inequality comes from curvature terms, and the second one from noise terms. Upon letting

Q2= 1"3:6 ok'Vk (, /= + e) and using the assumption € < 1 to simplify various terms, we obtain that for r in

the range
O'V max ez Amax 672
V| 1s =15 <r< 1 n
‘pn t [ Pt ( =P * D ZCD>] ! 4’ ( " >‘r2nax
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the gap Ay (cov(X,[")) is the largest gap with probability at least 1 — ce~*. Furthermore, since

cov(X ) = cov(X,["r) =

—

cov(X[’”]”) - cov(XmH) + 021y cov(X[’”]H,X[T] ) — cov(X[T]H x!r t )

= e~ —~——

1 L
COV(X[T]L, X[T]H) - cov(XLf] 7X£f]H) COV(XML) - cov(Xw )+ o?Ip_g

D D
<20 \/ =t <1+\/:tlﬁ<0D>
n no-
)\maxo' D >\m‘Lx / D 7”2 QAmaXK/ 3 2K 4
+ €+ T+ +or |24/ =t+1 — + ™+ —7r" | (1+e¢).
@<v><¢; (Vn EETE )0

Finally, recall that T, (respectively II;) is the space spanned by the top k singular vectors of cov(X!") (re-

—O'QID

combining all the bounds above we obtain

—

cov(X ) = cov(X,, ) + o21p || <

spectively cov(X, ")) — 62I). Then in order to prove the bound in (iii), we use the classical Davis-Kahan “sin 6”
Theorem, which gives

||(cov(X ) — COV(X X, N o2 ||
N (cov(XT1)) = A2, (cov(X, ) — o21)

| sin @(Hk, ﬁk)‘ <

/—\_//\_/

HCOV(X[”]H)fcov(XLT]”)JrJQI”H+||c0v(X[T]”,X[T] ) — cov(xl!! xI1Hy)

——

_‘)‘Q(COV(X[T]) A1 (cov (X)) = A7 41 (cov(XTT)) = AR (cov(XKe, [T])_JQI”

/2 r_;
/ D t+ [ndxg ( /D t+€) t+ EAde+UfK 2 + mdxﬁ 7‘ + )\2 m/a2xr2r

122

lnlﬂ —k 2 2
“wino— 72 — g21z<op — 0 nt { 'f/f +olp>cp + 04/ = 1n<CD}

9 Appendix: Proof of Proposition 2

P

In all that will follow we shall fix z and r and prove a bound on ||cov(XE"=)) — cov(XIZ ).

9.1 Some Preliminary definition

Recall that 72 := r?>—202D and let2 := r? — 02 D. Let Z be a closest point to Z on M: Z, € argmin, ¢ yq HZ yH
We let, in what follows,

ovD =
= d:=D—k =z - Z
§ r ) p(J?) ||I MH (91)
f(r)=vr2+o2d, s(r):=+Vr?-o2d, q = s*0*V' D + 4tgor_ (1 + 2%](17%1“,)

where we will choose the parameters s, to later, and with the following constraints:

r D 1 ) ) r/Vk
— Z - <vD 1 . 2
\/E€<30 k\/k,ﬁ>,s_ ,t0€<0,og30\/E (9.2)
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where ¢ is small enough so that the first interval is not empty. The lower bound on r is required in order to work
at scales larger than the scale of the noise, and the upper bound is motivated by (8.2), which shows that at larger

scales the curvature terms dominate. The interval is not empty if the “scale of noise” ov/ D is below the “scale of
the curvature”, here Vk/x. For these values of the parameters we have the the following bound on “noise to signal

ratio”: £ < 1 (\/k—ﬁ A 1), ie.r>30(vVDVk),and

< 2D e 2 2 & &
qg<s £r® +dtgor_ [ 1+ " < (€s” + 12750)\/5 < Cagosito 75 Cag 5.t00T - (9.3)

with ¢4 ¢ 6.4, = £s2 + 12t.
Numerical constants will be denoted by C' and their value may change at every instance.

Remark 5. We may assume all the realizations of the noise {N;}"_,, are such that {oN;}"_, are bounded by o>D(1 +

C ln("TDAD) ~ 02 D. Thus by a tiny reduction in the number of samples, we may assume we have i.i.d., bounded noise vectors.
We do not address here how this outlier detection step is implemented algorithmically (see for example [87]). A result showing
that the removal of a small number of outliers as described here has a negligible effect on the covariance matrices we considered

may be found in Appendix E of [32].

9.2 General Proof Strategy

To derive a bound on on |[cov(X5""=)) — cov(X!7"))||, we consider some intermediate, objects obtained perturbing
sets of points, and relating the corresponding covariance matrices. A basic idea that we use throughout this section
is that if two (possibly random) nested sets contains roughly the same number of points, then the corresponding
covariance matrices are also close (in operator norm and with high probability). This intuition is made precise in

the two following Lemmata of which we shall make extensive use.

Lemma 2 (Covariance perturbation, worst case). Let Y, be any (deterministic) set of n points in RP and E C Y, such
that |E| < |e-n|, 0 < e <1. Then

llcov(Y,) — cov(Y, \ E)|| < 6eM?. (9.4)
Proof. Foraset A C RP let m(A) = ﬁ > eea® C(A) = \Ti\ > ea @, s0 thatcov(A) = C(A) —m(A) @m(A).
Then

[lcov(Y,)—cov(Y, \ E
< |C(Yy)
< [IC(Yn)

il
—C(Y, \E)|| +|m(Yn) @ m(Y,) —m(Y, \E)@m(Y, \E)|
= C(Y, \E)|| +2M|[m(Y,) —m(Y, \ E)l

Lete =|Y, \ E|, then we have

Im(¥a) ~mE B <]l2 Y w1 Y all=

€Y, z€Y,\E

1 n. 1
— 1——)— < 2eM.
=S ar -0 3 a2

z€E z€Y,\E

The same reasoning gives ||C(Y,) — C(Y, \ E)|| < 2M?¢, simply replacing z with x ® 2 and noting that ||z ® z|| <
M?. Then (2) easily follows combining the above inequalities. O

Recalling definitions (3.2), (3.3),(3.4),(3.5), in the next lemma we extend the above result allowing to random
sets.
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Lemma 3 (Covariance Perturbation, random case). Let X,, be n i.i.d. copies of a random variable X with distribution
px. Let A, B be two (ux-measurable) sets in RP, with B C A, ux(B) < dux(A), and A bounded by M, and write
npg =np(X), na=na(X). Thenfors > 1,t>0,n > t?/ux(A):

IP’(TLB < 4% (5\/ )nA> > 1—e st —26_%52(5“X(A)"VI),

and with the same probability and conditions,

_
px (A)n

l[cov(An) — cov(An \ By)|| < Cs? <5 v m> M2, 9.5)

where A, \ B, = {X; € X,, | i € 14a(X) \ Ig(X)}. The same conclusion, with M? replaced by M? + 02D, holds if
A, (resp. B,,) is replaced by A,, == A,, + Y, (resp. B,,) where Y, are n i.i.d. copies of a random variable Y which is
independent of X and bounded, ||Y|| < o/D.

Proof. Let Q := {na < $ux(A)n}: the assumption on n and Chernoff’s bound [86] imply P (€2) < e~ 5. Now np
is Bin(n, ux (B)); let v be Bin(n, dpx (A) V +). Then on :

(oo ) o i
<P <ﬁB > (1442 (@X(A) v %) n)

=P (ap > (1+ s*)E[np))

< =% Gux(A)nv1)

for any s > 1, the last line also following from a Chernoff inequality [86]. Thus for any s > 1,n > t*/ux (A):

1
<4s?(6v
= ( ux<A>n)”"‘

with probability at least 1 — e85 — 2735 Gux (AnVl) Ap application of Lemma 2 yields the desired bound. The
case when noise is added follows in a similar fashion. O

Given the above results the proof of Prop. 2, develops in two steps:

(i) recentering: we first show that X! and X7 are close w.h.p., in the sense that the set of sample points
within distance = of z € M is roughly equivalent to the set of points within distance r_ of a noisy center
7Z = 2+ 0N ¢ M; thus by a change in scale, we can move from a center z € M to a noisy center Z ¢ M. We
prove this by bounding the following perturbations:

P e
—~

X’[rLZ,r_] - X’[ILZ’T_] U Al,t() \A2,t0 - X”[Vf’r:] )

where
C

Argy = X0VE X2 0% X = 2| < VIR — g A |IXG = 2] > ) 06)

2 ~ ~ ~
Agy = Xp VT AP = (XX -2l > V1K - 2] <)
where s?,t, are parameters to be chosen later. The first perturbation is small once we show that |A; |

[2,4/T2+4]

and |Ay,| are small relative to |X£LZ7T’] |; the second perturbation is small once we prove that X, \

ng v Ti_q], which contains the set where XLZ’T’] UAis \ Agy, and Xk =] differ, has small cardinality

relative to |X£LZ’T’] |. Lemma 3 below then implies that |lcov(XEm=Ty — cov(XLZ’T’] )|| is small.
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(ii) Bringing in the noise: the second step is to show that the sets X7 and X7 are close w.h.p.: the set of
noisy points that were within distance r_ of Z before they were corrupted by noise is roughly equivalent to
the set of noisy points within distance  of Z. In other words, intersecting with a ball and then adding noise
is equivalent to adding noise and then intersecting with a ball of slightly different radius. To this end we
bound the following perturbations:

X7 = (X7 A xXZ ot - X2 axZ = (x77 Quyu e - X

where .
1:= X7 ax!7r =(Xi: ||Xi = Z|| <r A|IXi = Z|| >}
Q.= xZ1 n (xgﬂ) —{(Xi:|IX: = Z|| € [oVd,r_) A || X — 2] > 1} 9.7)
—_—~— c

Q=X nxZ) nXIZ (XX = Z)| € frour] MK = Z)] < 1)

' x| i r]\ and the second perturbation is small

The first perturbation is small if |I] is small relative to |X[Z "
if both |Q1] and |Qz2| are small relative to |XnZ’T‘ |. Once this is established, Lemma 3 allows us to conclude
that ||cov(XIZ) — cov(XIZ")|| is small.

Table 17 summarizes the bounds we will give on the perturbations above (and the probabilities with which
such bounds hold). We define the following event characterizing when Z = z + o N is not an “outlier”:

Qu0:={w: ||INW)|]? = 6°D| < s*¢*VD}, (9.8)
which has probability at least 1 — 2¢=" for s> < V/D.

9.3 Basic estimates and Lemmata

Lemma 4 (Distance of Z to M). Let Zx, be a closest point to Z in M. Under our usual assumptions, with probability at
least 1 — 6e=°%"

oD (1 —(8V2+ 1)32D—%) < HZ - ZMH2 <o?D (1 + sZD—%) . (9.9)

. 2 : 2
Proof. By definition of Zx4, on €2 o HZ - ZMH < HZ - zH < o?D (1 + szD’%). Furthermore,

SNE
o= 2] + 2 - Zua]| < 209D (14 2D8)* 50 that

Zm € B, (20\/5 (1 + 52D’%> %> . Letting P(20VD(45D7)2) e the approximate tangent plane projection as
in our usual assumptions, and writing Zy — z = Zl\l,l +7 +, and Z — z = o(NIl 4+ N1), the subgaussian condition
on the noise gives that, on € o, with probability at least 1 — de=es’:

|<ZL,0NH>\ < s%o (20\/5 (1 + szDé)i) , [(Zrg, o NHY| < s2okk™? (402D (1 +52D7%))

for s> < D. Since 0/ D < \/5 and s? < v/ D, by our usual assumptions:

~ ~ ~ 2
2002 = 20 -

Z—ZH +2<Z.|A|A,O'NH>+2<Z*/1,O’NL>
(12 - -
> HZ—ZH +2(Z) NIy + 2( 2k, N
202D(1—s )—8\/_5202\/_—02D<1—(8\/_—|—1) D72 )
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Removing the conditioning on €2, o, the bound (9.9) is obtained, with the desired probability. O

Define, for 1 > r,
efine, for 2 Vi u(By(r1) \ By (r2)) _ u(Bg(r)) 1 (9.10)
ASERREVA (B (r2) (B (r2) . |

2%k _d(Z,M)? k 2%k _d(Z,M)? k
px(Bz(r1)) _ (7‘_1> -5 px(B(r2)) (’2) G 9.11)
/JX(BZ(TQ)) T\ T2 1— da( 7~£V1)2 ’ MX(BZ(Tl)) ERNA! 1— a( )94)2
T3 1

If in addition 0 < s2 <D, on Qs .0 (as in (9.8)), we have

ry—T T — 1 1(Z, 2\ 7!
Vy(riors) < €2k 172 <1+(1+ 1= z) <1fd(ZT§A> > ) . ©.12)

and if furthermore % < (2k)~Yand ry > r_, we also have

Vy(r1,ma) < 10k”7a;7"2 . (9.13)
2

Finally, always on Qg o, for c5 ¢ < 1,c6.¢,s > 1, both tending to 1 as either 2D~ % or Etend to 0,

cs,5,etx (Bz(r-)) < pux(B:(r=)) < ceespx(Bz(r-)) (9.14)

2 —d(Z,M)?,i = 1,2, we have the following estimates:

=

px (Bz(r1)) _ vz(p1) (&)k A ) <&)’“ = (1 + u)k (&y = (&)%

px(Bz(ra))  vz(p2) \ p2 vz (p2) p2 P2 p2) = \ p2

Proof. By the usual assumptions, if we let p? = r

from which the first inequality in (9.11) follows. The other bounds are proved similarly. To prove inequality (9.13),
letting d* = d*(Z, M) and Ar = r; — ry for notational convenience, we have

k N
ro+ Ar\>* [ (ry + Ar)? — d2 Ar\?* Ar2+ T
Vs < —1<(1+— 14+ — 2 -1
Z(T1,7‘2)_< 9 ) r3 —d? - +r2 +r2 14

p)
T2

and (9.12) follows by using the inequality (1 + x)* < e**. In order to obtain (9.13) we proceed as follows:

A Ap 2+ A
Vz(ri,me) < <1+2k—r> <1+k_r ;; ) 1

T2 2 17%

A A 2 A
< <1+2k—’") (1+k—r (2+—>) —1 <10k2L,

) T2 ki )

where we used the inequality (1 + 2)* < 1+ ax for z € [0,1/a], applied to z = Ar/ry and o = 2k for the first
—1
term in the product above, and = = % ( + %) (1 — f—z) and o« = k for the second term, and observed that
2
our assumptions guarantee that z < 1/« in both cases.

We now prove the volume comparison estimate (9.14). Let (5 = HZ — Zm H

(VB

px (Ba(r=)) = va(r=)pme BE)rk | ux(Bz(r-)) = vz(y/r2 — (3)upe (B") (2 = ()
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Assume (2 € 0 D[l — 135_ 1+ 52D~ 2] and

happens with probability at least 1 — ce —es* for 52 < v/D. Then, since

szH € o2D[1 — 82D}, 1+SZD 3], which by Lemma 4 and (9.8)

- 252 <1/4,

E
2

k
1 3
rk (1 —S2O§D7§) <(r* _<2)§ <rk (l—i- §32D%>

By the smoothness of v (p) in p:

vz(r=) (1 - S2CSD*%)E <wz(y/r2 — C%) <wgz(ro) (1 + §S2Dé> (9.15)
Finally, the smoothness of v (p) in Z gives:
v (r=) (1 - (1 + sQD—%) \/_5> <wz(re) <wvs(ro) (1 + (1 + s2D—%)5 /2) (9.16)

Combining the estimates above we obtain that (9.14) holds with probability at least 1 — ce—" for s < /D, where

82 F 1 1 %
e = (“m) (1‘5 (1+5707%) )

1352\ " 1 3
= (1222 (1 —(1 2D—a) .
Ce,¢, ( +4\/5> ( +2 + s )

9.4 Recentering
The goal of this section is to prove the following result.

Proposition 3. Let the usual bounds (9.2) hold. Conditioning on Q¢ defined in (9.8), for v > 1,t > 0and n >

Ct?Jux (B.(r=)), let s* < 1;?7/2’;) VD and set t2 := C(1 V log ;/\\/f_) then on an event Q, ;1 having probability as in
Table 17, we have

—_—

r_ 1
lleov(X"=) — cov(XI7 )| < 02 <<c4,g,s,tov1>07kvim>rz'

Proof. It follows by combining the results of Lemmata 6 and 8 that

—_~—

(.| o] 2 a2 h ) 1 ) 2
cov(Xp — cov(Xy < Cw Coe.s€ O+ Chesty— |V ——mmmmm | r2
oo (X7 ) = cov(x 1 < €0 (cague™ b caguns S ) v i

k 1
< Cv? Verear) By — = )2
<Cv <(C6,5, Cags.t0) ux(Bz(r_))n) rZ
by setting t3 := C(1 V log r/ ‘\/C) Since ¢g ¢,s < C by our usual bounds (9.2), we obtain the desired estimate. O

Lemma 6. Let the usual bounds (9.2) hold and to be as defined there. Define the random sets Ay 4, Ao 4, as in (9.6):

c

Argy =XV a2 0% X = 2] < VIR g A |IXG = 2] > )

c

z T% r_ >
Mgy = XV A xXIZr) (%X = 2| > VIR T A X = 2] <)
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Conditioning on a given sample X, (w), w € Qand Qo := {w : | ||[N(w)||>*~0?D| < s?0%V/D} asin (9.8), forv > 1,t > 0,
and n > Ct?/pux (B (r=)), on an event having probability at least as in Table 17, we have

—_~—

T 7 T —_ 1
leov(XIZ ) — cov(XIZT U ALy, \ Agy,)l| < Cv2 <c6,§,se %y 7r))n> r 9.17)

Proof. This Lemma is a consequence of the following two Lemmata, that estimate the cardinality of A +,, Az,

LLZ,T,]

relative to that of X , and of an application of the covariance perturbation Lemma 3:

1 ,,,2 0_2
uX<Bz<r_>>n><—+ D)

1 ) 1+§2r2
(B ) T8

This implies the desired bounds after recalling our usual assumptions on &. O

lleov (X2 ™) = cov(XIZ"T U Ay, \ Any, )| < C0? <c6,5,set3 v

2
< Ow? <06,5,86t0 v

Lemma 7. Let the usual bounds (9.2) hold and to be as defined there. Conditioning on s o defined in (9.8), and with
Ce,¢,s > 1 asin Lemma 5, we have

E[[A1, |l < ne ux(B.(r=)) . EllAsl] < coesne Sux(B.(r2)),

Proof. We work in B.(/r2 — q), and with the associated projection P!l as in our usual assumptions. We have
X -—z=XIl+XLand z — Z = o(NIl + N1). Then:

I|1X — Z|)? = ||X — 2||* 4+ 62||N||2 4+ 20(X/I, NI} + 20(X+ N*) (9.18)

and Ex||X — Z||? = Exn||X — 2]|? + 02D. Fix # € B,(\/r2 — q) C B.(r_): the subgaussian condition on the noise
implies:

Py (|a<XH,NH>\ > too—r,) <2t | Py (|a<X{NL>| > toamik*%) < 2 (9.19)

ie. the event , , = {|o(X!, NI)| > tgor_} N {|o(XL, N+)| > toork™2r2 } has probability at most 4¢~%. On
such an event (hence with the same probability) X € B;(r_), since
|1 X — Z||2 <||X — 2|> + 02D + s%0*V'D + 2tgo(r_ +kk™2r2) <12 — g+ 0 D+q=1r>.

Therefore Lemma 5 implies

EllAvll = Y P (I1X: = 2l < ViZ =q, IX; = Z|| > )
=1
n
- ZP(I\Xi — 2| > ||1X = 2] < V2 —q) -IP(HXi — 2l < 12 —q)

i=1

<ne” px (Bo(\/rZ —q)) < ne™" px(B.(r-)).

To prove the second bound in (9.19), on Qo we let 1~ ? := r_2 4 62D(1 + s*>D~3): then X, € B (r_) implies
X, € B.(r_). Working on B, (") and using the associated projection P!l as in our usual assumptions, for X; — z =
X Z-H +X;tand Z—z = o(NIl+ N1), the bounds (9.19) hold with 7 replacing 7_, on an event 2, having probability
atleast 1 — 4e~%. But then X; € B. (/7% + q), since from (9.18) we have

1X; = 22 = ||1X; = Z|[2 = 0*||N|* = 20(X)|, N1l) — 20(X}, N
<r? —o’D + s*0*VD + 4too (7"_ + QKk_%TZ,) =7 +q,
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This implies, by applying Lemma 5 as above,

El|Azs ] =D P(IIXi =2l > VrZ +q, [|Xi = Z|| <r-) < eo6,sne™ ux(Ba(r=)).

i=1

Lemma 8. Let the usual bounds (9.2) hold. Additionally, assume that

2
9 r*/k r/\/E
R D . 2
¥ < Tazp ¥V o< ok 020

Conditioning on Qs o defined in (9.8), let Ay +,, Asy, be as in (9.6). Forv > 1,t > 0andn > t*/px(B,(r=)), on an event

of probability at least 1 — 2e~ 5V (22MVD) _ o=%%" e hve

—_~—
—~

Zor o ok 1
leov(XIE ™1 U ALy, \ Asyy) — cov(XET1)|| < O <c4757s,t07 v 7) r2 . (9.21)

—~—
—_~—

ST o ;—\/\/7‘2 z,4/T2— 2=
Proof. On () o we have the inclusions XLL’ 2-d - X’[yLZ’77]UA17tU\A2,tO - XL’ 2+ and X,L’ 24 - X,[L’ =l -

—_~—

—_—~—

ng’ v Tiﬂ}, so the set where XLZ’T’] UAiq \ Agy, and X[=7=1 Qiffer is contained in XLZ’ Vritdl \ ng’ v Ti_(ﬂ. In
order to use (9.13) and (9.3) we observe that with the conditions (9.20) we have

\/7“2: +q— \/7"2: —4 .4 o CagsndT Cag,5,400)T
rZ —q Tl —q T rE —cagspo0r T 1 =282 — e 00T
2c o/r 1
Cpergs —2ChEinto fr 1

=2 1—2cq¢51,0/r 2k’
since the last inequality is equivalent to asking 2c4 ¢ s 1,0/ < 1/(2k + 1) which is implied by (9.20). Then:

px (B-(V12 4+ q) \ B.(V/r2 —q)) = Vo(Vr2 + ¢, /12 — Qu(B. (V2 — q))
< 10k (\/ri +q— /2 - q) (r2 = q) "% W(B.(r=)) < 40csc 5 100VE/(r/VE) - p(Ba(r-)).

The bound (9.21) follows by an application of Lemma 3 (and recalling that 72 + 02D = r?2). O

9.5 Bringing in the noise

We will show that the following perturbations are small (in the sense of cardinality of sets):

X7 = XX U - X2 X = (T Qo u Qe - X

and conclude that the eigenvalues of the associated covariance matrices are close. As we compare the analysis and
algorithm centered at a noisy point Z, and not a point on M, we will be dealing with two natural distances:

. distance of a point from Z,; this will be our variable of integration in what follows and will determine the
volume of the sets we will be considering.

. distance of a point from Z, which determines the probability of entering or exiting B (r) when noise is added.
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Q. ¢,; | Eventdefinition Upper bound for §; Probability
]

loov(XEm=1) = cov(Xi "~
< Cwv? (61 \% i) r2

. 205 — 2
Qut1 il 61 = (cae,sto V1) ZE 1— de—30°01Tro V) _ g — gt

|27 <Z.r z,
Q1o | NeovXZT) —cov(XZT n X2 5y = cg.e.0 Ok | e o2 ome_ vty _ o he?
<cv? (s2v ) r? S
X171 X[Z’T]) - COV(X[Z’D])H k 2p r/VE 1,250 1,2
Qy.,3 HCOV( n n n i3 1= UT 1v 72 log . 1 —4e" 3" (837p— V1) e &t
< Cw? (53 v %) r2 ( 7 /k) 3ovE
T=
Figure 17: Events Q¢+ ;,7 = 1, ..., 3, their definitions and lower bounds on their probabilities; heret > 0,v > 1,n >

t?/ux (B, (r=)), our usual assumptions hold, and we have conditioned on ) o defined in (9.8). We conclude that

cov(X}7"=1) and cov(X!Z"") are close when all of the above are small; each §; may be replaced with an upper bound,
in particular for each §; we may substitute 6 = max; ;. Q¢ 1 and € ; » are from recentering; Qs ¢ 3,82 ¢.4,82s + 5 from
noise.

Lemma 9 (Concentration of measure on spherical caps). For 0 < 0 < , we define V;° " to be the spherical cap of SP~!
centered at the north pole and subsuming an angle 0. Let ugp—1 denotes the normalized (i.e. pgp—1(SP~1) = 1) Hausdorff
measure on SP~1. The function

h(8) = pgo—1 (V")

satisfies the following properties:
1. 0=h(0) < h(0) < h(r) =1 for every 0 < 0 < m, and h(0) is strictly increasing.

2. If0 =2 —tforany0 <t < T, h(f) <e 3P,

For a proof of these facts, see Lec. 19 of [88]. The angle subsumed by the spherical cap (z + || N|| - SP) N B (r)
is
Oo(r, R, ||N||) := arccos ((R* + || N[> — r*) / (2R||N|))) (9.22)

for values of r, R, || N|| for which the argument of arccos is in [~1, 1]. If a point z is at distance R from Z, if N has a
spherically symmetric distribution we would have

Py (2 + N € By(n)||IN|| = 1) ~ h(6o(r, ||z — Z||,1))

) (9.23)
Py (z+ N & Bz(r)|lIN|| = 1) ~ h(zx — bo(r, || — Z||,1))

All we shall need, in fact, is that the above relations hold approximately, with universal constants (independent of
k,D,x, z,r1): ~
Py (z+ N € Bz(n||IN]| =1) ~ h(bo(r, |z = Z||,1))

Py (¢ + N ¢ By(r)[[IN|| = 1) = h(x — 0o (r, l|e = ZI|. 1))

In what follows, in order to ease the notation, we will actually assume the equalities (9.23), i.e. that the distribution
of N is exactly spherically symmetric. The arguments are readily generalized to distributions which are only
approximately spherical in the sense of (9.24). A simple computation shows that 6 is decreasing in ||N|| for
R? < ||N||? 4 r? and decreasing in R for R? > ||N||> —r%. Finally, the following simple observations will be useful:
if 6o(r, R, ||N||) = /2 &+ € implies

(9.24)

R=r (1= 5 (V02 F VY40 (& AN + (1) ) 0.25)
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9.5.1 Iis negligible: comparing XLZ’T] = (XLLZ’T] N XLLZ’T]) U I with X;,Z’r} N X,[IZ’T}
The goal of this section is to show that COV(XLIZ’T]) and cov(XLlZ"T’]) are close. We write X7 = (X?’T] ﬁX[nZ’T]) ul,
where I is the (random) set of points that enter B () when noise is added, see (9.7).

Proposition 4. Let the usual bounds (9.2) hold. Conditioning on Q¢ defined in (9.8), fort > 0, v > land n >
t2/ux(B.(r=)), on an event Q,, 1 o having probability as in Table 17, we have

-5 k 1
cov(XIZm) — cov X[Z "IN X [2.1] <v?|e SU— V—— |72, 9.26
H ( n ) ( )|| 8,€, r ,UX(BZ(T—))TL ( )

where cg ¢ s := C(1 + Cece ¢, v with cg ¢ s and Cg defined in (9.14) and (3.3).

1’1’111’1)

Proof. We estimate EJ[|I|] relative to IE[|X£LZ’T] N XLLZ’T]H and then apply Lemma 3. The points in B;(r_) have a
probability larger than 1/2 of staying in B (r) when noise is added:

s — 1 T
BRI X 2 BRI 0 X 2 2EixE ) = DB

therefore it will be enough to compute the expected cardinalities of I relative to @, = px(B;(r—))n. Forr, > r
to be chosen later, we partition I into the sets

L= {Xi:[|Xi = Zl| <r A X = 2] € frorsly o= {K: 1K = ZI < r A X = 20 2 14}

Since o||N|| ~ ov/D, we expect the majority of I to be from I;.
Step 1: bounding |I |. Conditioning on €2, ¢, and with our usual assumptions, we prove

(ix(Bz(r-))n) ' E[IL[] < CemOP (0 1) . 9.27)

For each ¢ define the events

Qi = {IolINiI = 02D| < t10*VD} | Qaii= Qi N {IIX: = ZI| € [ 74 ]} (9.28)

Clearly P(€, ;) > 1 — 2¢—<(1ir1VD) We estimate

(ux (B (r-))n) " E[L|) = (ux (Bz(r-))n) ™ ZP(IIXi —Z|| <rAlIXi = Z|| € [rrs])

= (ux(Bz(r-))m) ™" (ZP(H)@ —Z|| <r A|Xi = Z|| € [r,ri] A Q)+

=1

Qai

P(I%: — 2]] <7 A l1X - Z||e[rr+1mm>)
n

< (ux(Bz(r-))n) " ( D_PUIX: = ZI| < 7 [Q2,0)P(Q2,0) + PO, )B(1X: — 2] € [r,74))
: (9.29)

I~ 1 - . .
<(=)) —— P(|X; — Z X; = Z||,[INx,||) dP + 2¢—¢tirtav'D)
_<”;—1 B{60.) /Q (1l <]l L IINx, ) dP + 2e

 bx(Bz(r )\Bz( )
ux( 2(r-))

1 . -
o> | el 16 = ZILIN 1)) dP -+ 2e D ) V)
n ]P)ng Qo

=

IN

1
< ( (6o(r,7,0VD(1 — 1D ))) + Ze_c(tf““/ﬁ)) Vy(ry,r-),
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since on Qy.4, 0o (7, || X; — Z||,||Nx,||) < 0o(r,7,0v/D(1 — ;D" 2)). We have
cos(8o(r, 7,0V D(1 — t, D)) = (0\/5(1 - tlD’%)> /(2r) = ¢ (1 D ) /2;

thus if 6y := 5 —t, we obtain ¢ = arcsin(§ (1 - tlD_%) /2) > ¢ (1 - tlD_%) /2 and by Lemma 9

_1\2
h(0o(r,m,0v/D(1 — t,D~2))) < e~2t'D < e_%ggD(l_tlD ?) .
We choose t; = £v/D; by our usual assumptions we have

(ry —ro)/ro <€/ (1-€) <2, dZM)*/r2 <262/ (1-€) <4€,

so Lemma 5 (in particular, estimate (9.12)) implies:
(ux (B (r_))n) " E[L[] < (e—C£2D(1—£)2 n 46—0(5%)[))) Vy(ry,r_) < Ce=CED (ecgzk _ 1) .
Step 2: bounding |I,|. Conditioning on €2, o, and with our usual assumptions, we prove that:
(x (B (r-)n) " El|La]] < cseoe” P (7€ —1) (9.30)
min- 1O see this, let:
A== B;(\/r> + (I + 1)%02D) \ B4(\/r? + 20°D)

pl::IP’(HX Zll € (Vi? + 102D, /i + 1+ 1)2%°D| A X +oN - Z]| <)

with C8.es = Cg k;C(ifs'U

and observe that E[|L|] < 372, piux (A)n < Cepugrr (B*)r*n by condition (3.3) in our usual assumptions and the
bounds (9.14), provided that p; < Ce=CV (observe that the condition £k < 1/2 required for (3.3) to hold follows
from our standing assumptions on &). To see that this bound in fact holds, observe that for a point = to enter
Bj(r), two independent conditions must be met: o||N|| > %o\/_ and N must point in the right direction. The
subgaussian condition on the noise gives P(c||N|| > Lov/D) < 2¢=3". To upper bound the probability that N
points in the appropriate direction, fix x such that ||z — Z||?> > 72 + [202D; let ¢ be the angle formed by the line

segment connecting = and Z and a tangent line to SD !(r) passing through z, so that sin(¢) = r/v72 + 262 D.
The probability that N points in the appropriate dlrectlon is upper bounded by psp-1 (VD ). Letting t = £ — ¢,
we obtain ¢ = arccos(r/vr? +1202D) > n/2- (1 —r/Vr? + lQJQD) > 1/2-1lov/D/Vr? +1262D. By Lemma 9 the

—C _p_c-2¢

probability of pointing in the right direction is bounded by e Wg&z P and therefore p; < e razer D, Using

our usual assumptions on &, we now prove (9.30):

S pipx (Ay)
px(Bz(r-))

8

Cl 2D 2 -C¢*D k\,.k
(x (B (r))m) " E{Ly]) < > ey < S e B
=1

(B px (Bz(r-))

(&
125¢
ce2D —Ce?D %Qk
< Ceco.¢,5Vmin TOED < g e e -1
< gD (cw )

To complete the proof, an application of Lemma 3 yields the estimate

2

||cov()~(£lZ’T]) - COV(X?’T] N XLZ’T])H < Cv? (087575605213 (ecgzk - 1) v re.

1
ﬂx(Bz(T’))”>
The desired estimate (9.26) is obtained by observing that on the one hand, if ¢ < 1/(3v/k) then e=¢°P (€C§2k - 1) <
Ce=CEDe2eCl9 < CekD—% (5\/5) e C(&VDP)" < CekD-%,and when ¢ > —L_, ~C€*D (é‘fzk - 1) < e CE(D-k) <
Ce=CP/k < CekD1/2,

\/_l

O
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9.5.2 Comparing X177 x[Zm = (XLLZ’T’] UQs)\ Q; with x1Z7-]

Proposition 5. Let our usual assumptions hold and, furthermore, let D > C. Conditioning on Qs o, for t > 0,v > 1 and
n > t2/u(B.(r=)), on an event Q, ¢ 3 having probability as in Table 17, we have

g > 7 v 1
||cov (X2 XLZ’T]) - COV(XLZ’ 7])|| < Cv? (6 v ﬁ) r?. (9.31)

where

ok 02D r
=— 1V —=— log —
9= (1 ) e

Proof. Recall the definitions (9.7):
Qi ={X; € By(r): [|X; = Z|| € [oVd,r_)} , Qe ={X; € By(r) : [|X; — Z|| € [r—, 7]}

The bound (9.31) is proved by combining the bounds (9.32) and (9.35) below for E[|Q;|] and E[|Q2|] respectively,
followed by an application of Lemma 3.
Bounding |Q:|. We will prove that, as soonas D > C

(x (Bz(r ) E[Qul] < 07 flog - ©.32)

To see this, for any 7_ € [0V/d, r_) (to be chosen later), we have

ElQull =Y P(IXi = ZI| > r A|IXi = Z|] € [oVd, )

1=1
=3 P(||X; = Z|| > r|||X; = Z|| € [oVd,7_ ) -P(||X; — Z|| € [oVd,7_) (9.33)
1=1
+Y P(IXi = Z|| > r|[1Xi = ZI| € [F-, 7)) -P(||1Xi — Z|| € [F-, 7)) (9.34)
=1

By (9.23), if X is at distance R from Z, the probability that X; + N; ¢ Bj(r) is given by h(r — 0o(r, R, ||Ni||)).
Note that m — 0y(r, R, || N||) is increasing in both R and ||N||. By an identical argument to that in 9.5.1 (and (9.29)
in particular), with €, ; as in (9.28), we obtain the following bound on (9.33):

ZP(HXFZH >r|[|Xi = Z|| € lovd, 7)) - P([|X; = Z|| € [oVd, 7))

=1
n ~ ~ ~
=y (P(IXi —Z||>r|[|1Xi = Z|| € [oVd,7-), D, i) - P(, )

+ZIP’ 1Xi = Z|| > 7 | [|1Xs = 2| € [oVd, 7-), 95, ;) - P(2, J)IP’(IXi—ZI €lovd, )
< (h (r,i_,0V/D(1 +t,D"%))) +2e*c<ffm¢5>) pix (B (7_)\ By(ov/d))n
< (e3P 4 2679 (B (7)) < de”pux (By(r-))n
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where the bound in the line before the last follows by applying Lemma 9 after choosing 7 so that 7—0 (r, 7, ov/D(1+

tD”3)) =T — ¢ ie, by (9.25),
— ((1 - %gz (1 +t1D5)2) —eaVD (1 + tlD’%) +0 ((6252 +&Y (1 +t1D5)2)> ,

and the last bound is a consequence of imposing ¢; < /D and choosing ¢ = C't; /v/D to balance the two exponen-
tial terms.
In order to bound (9.34) we will need the following estimates, which hold as soon as our usual assumptions on

¢ are satisfied, t; < /D as above: first of all d(ZT’f/[ )* < ff; , and moreover

ro - _r/1-8-r(- C(1+1D7%)2) + eoV/D(1+ ;D) +10(¢4 + €2¢2)
o T 1-r(1-SQ+tD 2)2) +eaVD(1+tD73) + rO(E* + €2€2)

_ 2621 D2 + 2e€ + O(€4 + 2€2) _ C¢ét

T 1-282 2640 +€%%) — VD

as soon as t; < v/D and choosing ¢ as above. By Lemma 5
D PUIX = 2| > r [1Xi = Z|| € [ r)) - P(I|1X; = Z|[ € [F-r-)) < px (Bz(r-) \ Bz(ro_y) n
i=1

< VZ(T_JZ_)MX(BZ(T_))W, < <eth1£D% (1+(1+Ct1§D7%) (1_125522)71) — 1) MX(BZ(T_))n

< (eCtlngE - 1) px(Bgz(r-))n < C—F=ux(Bz(r-))n.
as soon as t; < Cv/D/(¢k). Combining our bounds for (9.33) and (9.34), we obtain:

_BlQuf] e ¢k ¢k @
i (B = ¢ O S OB s e

by choosing 3 = 1V log ;’/f;, proving (9.32). Note that the conditions we imposed above on ¢; are satisfied under
our usual assumptions and D > C. By Lemma 3 we have, with probability as in Table 17, the bound (recall that
r? +0%D) < (1+&%)r? < %TQ)

lleov(XIZ 1 UQy) — coV(X?’T—] UQz\ Q)| < Cv? (% log 35\/—€ v m) .

Bounding |Q2|. We now estimate |Q2|, and prove that as soonas D > C

VD
Ogﬂ

(x (B (r_))n) " E[|Qu]] < O%u v Ek)

By an argument similar to that in 9.5.1, we choose 7, € [r_, 7] so that 0y (r, 75, , ovVD(1—t,D~ 2 )) =735 —¢ie, by
(9.25),

(9.35)

o, =T <<1 - %gQ (1 —tlD‘%)2> +eovVD (1 - tlD‘%) +0 ((352 +e) (1 - tlD—%)2)> ,
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2
< Cffjl. For this choice of r, , we have the bounds ‘:ED < ‘75213 <= < 2¢2, and, by

Lemma 5, (B (ry, ) /(B (r-)) < (1+€£(1+t,D~7))2#(1 — 2¢2)* and U+ 7
u(By() _ u(By(r)) L\ ameareph ' e
uwﬂmnguwgung(rfJ &—eu+ﬂnﬁvu—e) =

uxggi_]))n B uX(BZl(r_))n ZP(HXi —Z|| <rA|Xi = Z|| € [r—,7])

which implies “=——

Then

1 - ~ ~ - ~
- P(||X; = Z|| <r|||X; = Z|| € |r_, 7o POX; = Z| € lr—,re
e o B = 2l < 11X = 21 € s ]) - B = 21| € v )
T Xn:P( 1Xi = Z|| < ||1X; = Z|| € [ra,.7]) - PU1X; = ZI] € [ro,7])
ix (B (r_))n 2=
-1 —o@ By(r))
< _ 3 canvm)) HBz(1r)
< Vy(ropsr-) + (MO0 (r,m, .oV D(1 = 1D~ 4)) + 2 ) B
< (ec SEt 1) ( ~3°D | 2670tf) oCEk
&k —C(B-€%k)
< 2t — 1
_tlgk_\/gﬁvez\/_% C\/Btl +e
k VD
g (1 \ 62 ) g Y AR
\/5 3¢k
where we chose € = 26, D77, 12 = €2k + 5 log 35\/—?. Lemma 3 implies that with probability as in Table 17
2 k(1 V&%) VD 1 )
Xn U — <O | =1 V—— .
||COV( Q2) COV( )|| ( \/5 o8 o7 Bfk (BZ(’I",))'H r
O
9.6 Putting it all together
We finally recall, and prove, the following Proposition 2:
Proposition 6. Let D > C,
re (Rmin + 40\/54— Rinax —oVD — —) N (30 (\/5\/ k:) , g) (9.36)

where C' is a universal constant and o is small enough so that the interval for r is not empty. Then, for t,v > 1, n >
2
£/u(B.(r2)), 8* < 55 V/D

) o < 1 :
[|cov(XL2 ™) — cov(X )|| Cv? <ﬂs Vv I (BZ(T—))TL) r (9.37)
holds with
820'\/D 02D T ok

and with probability at least 1 — Ce~C(V (B (r=)As* A1),
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Proof. This follows from combining the perturbations in Propositions 3,4 and 5, whose bounds are summarized in
Table 17: we have that for t,v > 1,1 < s> < v/D, n > t?/ux(B.(r=)), and conditioned on Q o:

—~

[leov(XIZT) — cov(X )|

< O? c +c +(1V U2—D lo o U—k V ; r?

- 488t T 8,88 r2/k )\ & 3ck) r  ux(B.(r=))n
267D a2D r ok 1

< Cv? 59 1 1v log —— | Fy__+ |,

< Cv ( m— * r2/k )\ &30k ) \/,uX(BZ(r:))n "o

Bs

(9.38)

by recalling that ¢§ = log s+ (as in Proposition 3), so that

Cagsity < C <S m/_ \/1 30 k)

and noting that cg ¢, < C'since ov/D/r < 1/3. The bound (9.38) holds with probability at least 1 —Cle~Cv"A:Eln--] _
Ce=C%, conditioned on 25 0. Removing the conditioning on (2, o, whose complement had probability at most
2¢=Cs", we obtain that (9.37) holds with probability at least 1 — Ce=C(v*nu(B(r=)As*At*)

Finally, we determine the restrictions on r— in terms of Ryin, Rmax, the parameters that determined the range
where our volume growth and covariance estimation assumptions hold. In Sections 9.4-9.5 we have assumed that
all the radii involved lied in [R mm, Rinax), s0 we need to impose r— £ (202D + q(r)) € [Rumin, Rmax], which is

implied, upon noting that ¢ < £ %, by the restriction in (9.36). O

10 Appendix: Results from linear algebra and perturbation theory

Lemma 10 (Wielandt’s inequality [89]). Let A € R"*"™ be a symmetric matrix in the form

B C
=(er o)
with B € R™*", C' € R"™* and D € R**°, withn = r + s. Let \;(E) denote the i-th largest eigenvalue of a matrix E. If
A (B) > A\ (D), then
M (CTO)
~ Ai(B) = \(D)

M (CTO)
0= 4(D) = Aris(A) = T =5y

0< M\(A) — \(B) < Aol forl<i<r,

AC| forl1<j<s.

The statement in [89] is only for positive definite matrices, but the result for general symmetric matrices follows
easily by adding a multiple of the identity matrix that is large enough to make the matrices positive definite.

11 Random vectors, random matrices and covariances
We briefly recall some notations. We define the covariance and the empirical covariance of a random variable Y as

cov(y) =E[Y -E}])® ¥ - E}¥]) §
cov(Y,) = %Z(YZ —E.[Y]) ®(Y; —E,[Y]) ,E.[Y] = %ZY’ (11.1)

i=1
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whereY :=Y —E[Y],and Y3, ...,Y, arei.i.d. copies of Y. Moreover, cov(Y, X) = E[(Y — E[Y]) ® (X — E[X])] is the
cross-covariance between two random variables Y, X, and cov(Y,,,X,,) its empirical counterpart. Note that, we

often view a sample X, as a matrix, so that for example we can write cov(Y,,,X,,) = %?:Xn, where Y,, denotes
a sample centered with respect to its empirical mean.

We are interested in the concentration properties of the empirical covariance and cross-covariance operators
under different assumptions on Y and X. In particular, we are interested in the case when X, Y are bounded or
subgaussian. We note the following elementary identity:

cov(Yn, Xn) = Eu[(X — E[X]) ® (Y — E[Y])] — (E[X] — En[X]) ® (E[Y] - E,[Y]). (11.2)

As usual, in all that follows C, ¢ will denote a universal constant whose value may change from line to line. For
bounded random vectors we have the following known results:

Proposition 7. Let Z be a random variable in R? with E[Z] = 0 and || Z|| < VM a.s. Let Z1, ..., Z,, be i.i.d. copies of Z.

P <||En[Z]|| > \/gt> <2’ (11.3)

(i) for anyt > 0 we have

.. t2 M log(dAn
(ii) foranyt > 0and n > Cﬁ(z)ﬂ),
Mlog(dAn), M , et
— o 2 < . )
P <|cov(Zn) cov(Z)|| > |lcov(Z)| cov(Z)]In t+ - t* ) <4e (11.4)
Proof. (i) follows from [90, 91]. (ii) follows from Corollary 5.52 in [38], together with (11.2) and (i). O

We remark, as it is done in [38] after Corollary 5.52, that the crucial quantity in determining the sampling
requirement in (ii) above is not the ratio AM/||cov(Z)|| but the effective rank tr(cov(Z))/||cov(Z)||. We use this
observation for example to obtain the bounds in (8.4).

Definition 2. A real-valued random variable Z is called strictly subgaussian if for all t > 0

E [etZ] < eE[Zj]tz

We will write Z ~ SSub(c?), where 0 = E[Z?].

We summarize in the following Proposition some well-known properties of strictly subgaussian random vari-
ables:

Proposition 8. Let Z',..., Z? € Rbeiid., Z' ~ SSub(1),and Z = (Z*,...,Z%) € R4
Then

(i) E[Z;] = 0 and for every t > 0, P (|Z;] > t) < 2e~1"/2,
(ii) For every v € R% we have (Z,v) ~ SSub(||v]|3).

(iii) E[||Z|?] = d, and there exists a universal constant c such that for all t > 0
P <||\Z\|2 —d| > t\/E) <2e~t" | P (||Z|| >V + ﬂ%) < 2=t

(iv) If Zy, ..., Zy areiid. copies of Z, then

d \/E 2 \/E t 2
2 < —ct < —ct
P<|En[2]| >—n+—n t) 2e ) P<||En[Z]|> _nﬂl—’__\/_) 2e
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(v) If Zy, ..., Zy areiid. copies of Z, then with probability at least 1 — 2e~*

(Vd—Cvn—t) Vv (Vn—CVd—t) < omn([Z1]...|Za]) <
Omax([Z1] .- | Za]) < (Vd+CVn+t) A (Vi + CVd+1).

(vi) Let Zy, ..., Zy bei.id. copies of Z. Then for t > C, n > Ct*d, we have

P (Hcov(Zn) — Il > \/§t> < de~et’
n
d n £\’
et - o < —ct? .
P <||cov(Zn)|| > <1 —|—C\/;+ \/E) ) < e

Proof. These results are combinations of standard facts [92], so we only sketch the proofs. (i) and (ii) are proved by
using the definition of strictly subgaussian and using the moment generating function. For (iii), the computation
of E[||Z||?] is trivial, and to prove the concentration inequality one can either use the moment generating function
again, or (ii) together with an e-net argument for discretizing S¢~! and a union bound. In order to prove (iv) we
simply use (ii) and (iii). In order to prove (v) one uses standard e-net arguments to discretize the unit sphere,
together with (iii) and a union bound. Finally, (vi) follows from E[Z] = 0, n > Ct*d, so that by a Corollary to

Theorem 39 in [38], with probability at least 1 — de=et’

and for n < Ct*d we have

1’n
7)) — 2L <= Zi9Z -ElZe Z
leov(Z) = o*Lall < |2 > 210 2~ EZ® 2]

SC\/>15—|- +—t<C\/7

For n < Ct3d, since ||cov(Zy,)|| < ||1/nY 1, Z; ® Z;]| (since the centering by the empirical mean decreases the

+IE.[Z]][?

norm of the matrix) we have, by (v), with probability at least 1 — 4e~ct”
d t ’ d £\
n
<< — R < — — J—
[lcov(Z,)|| << <\/;+C+\/ﬁ> n(l—kC\/;—F\/a)

The following result is useful in controlling the norm of cross covariance operators when the range of X,Y is
of dimension k, d respectively. These types of bounds are quite well-known, and we report here the version we
need for the reader’s convenience; the techniques are also used in results that follow.

O

Proposition 9 (Norm of product of random matrices). Let N; € R™* k Ny € R havei.id. subgaussian entries with
mean 0 and subgaussian moment 1. Then for ¢, C universal constants,

ce—clkt+d)t? teC-(1,,/2
P 2INTN, || > \/ k+dt ( Hd) (11.5)
n ce—c«/n(k-ﬁ-d)t > Cmax{ /knﬂ> /%} )
1 ,
P <—|N1TN2|| > <1 + \/E> (1 + \/E> t) < geelnrdrkyt (11.6)
n n n
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This result implies that |[N7 Ns||, as a function of the inner dimension n, grows only like \/n, thanks to the
cancellations due to the independence of N; and N». It is easy to see that a similar estimate would hold for
cov(N1,Ny) as soon as n > Ck, by using (11.2) and (iv) in Proposition 8 in the cases covered by (11.5), and by
observing that ||Ny; oy|| < [|N{y 2|/ in the case covered by (11.6).

Proof of Proposition 9. The format of the argument is standard: we discretize the unit sphere in the domain and
range to finite nets, and estimate the size of the operator by restricting to the net and taking union bounds over the
high probability events on which we can control the norm of the operator applied to each vector in the net. Let A’
be an ¢;-net for S4! and let N'* be an es-net for S*~1. Observe that by a standard volume estimate we can choose
the nets so that |NV¢| < (1 4+ 2/¢;)% and [N*| < (1 +2/e2)*. Then

HNlTNQH = e max <NfN2x,y> <(1- 61)71(1 - 62)71 max <N1TN2$,y> .

Sd—1 yeSk—1 zeNd yeNFk
Therefore:
P(|[NTNg|| > ) <P( max [(N]Nyz,y)[ > t(1 —e)(1 - e2))
zeNd ye Nk
< Y PUINTNoz,p)| > t(1— 1) (1 — €2))
zeENd yeNk

< IWUNFP(|(N2z, Nig)| > t(1 - e)(1 - €2))
< 5PHP(|(Nox, Nyy)| > t/4).

by choosing €1 = €3 = 1/2. Since the entries of Ny, N» are ii.d subgaussian, and ||z|]2 = [|y||]2 = 1, N2z has
iid. subgaussian entries and so does Ny, with the same subgaussian moments as the entries of Ny and N;
respectively. Moreover Nox and N1y are independent, so (Nox, N1y) is the sum of n independent subexponential
random variables, and therefore (e.g. Cor. 17 in [38])

. t/4)2
P(|INTNy|| > t) < e (htd)—eamin{ (5= t/a} (11.7)

If t < 4n, the last upper bound is nontrivial for, say, ¢, (k +d) < % %. Substituting ¢ by t\/n(k + d), we obtain

T < ce— ekt : n
IP’<|\N1N2\|> n(k+d)t)7ce teC (1,,/k+d>.

cot

On the other hand, if ¢ > 4n, the upper bound in (11.7) is nontrivial for, say, ¢ (k+d) < <%, and letting substituting

t with ty/n(k + d), we obtain

k+d
P (IINTNo|| > v/l - d)t) < cemeV D" ch.max{m’ﬁ}.

The second inequality follows from the trivial bound ||N7 Ny|| < ||N{[|||N2|| and bound (11.9) in the next Propo-
sition. 0

Proposition 10. Let B € R**" and A € R"*?, with A and B independent random matrices. Also suppose that A has
i.i.d. subgaussian entries with subgaussian moment 1. Then for t > C

P (\|BA|| > ||B||\/d+—kt) < gemcld+RE? (11.8)

In particular, when B = I,, and d > n, then fort > C
P(J|All > Va+nt) < 2e e, (11.9)

which may be simplified, when d > n and for t > C, to

P(J|A]l > Vat) < 2ec",
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Proof. When B is deterministic, the proof of this Proposition is analogous (in fact, easier) to that of Proposition 9,
the only difference being that all the r.v.’s in sight are subgaussian (instead of subexponential). An even simpler
proof of (11.9) may be found in [93]. To extend the result to include non-deterministic B, note:

P(|[BA| > t[|B||(Vd + Vk)) =Eap [ BA|>tBl(VarvE)]
=Eg [EaB (1Al (varve [ Bl]

=Eg [Ea [1pa|>4B)/(vasvE | Bl
<Egp [26_6(d+k)t2] = 2™ HHRI,

Here we use the fact that due to independence pa|g = pa. O
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