WeierstraB-Institut
fir Angewandte Analysis und Stochastik

Leibniz-Institut im Forschungsverbund Berlin e. V.

Preprint ISSN 2198-5855

Adaptive manifold clustering

Franz Besold, Vladimir Spokoiny |

submitted: December 18, 2020

Weierstrass Institute

Mohrenstr. 39

10117 Berlin

Germany

E-Mail: franz.besold@wias-berlin.de
vladimir.spokoiny@wias-berlin.de

No. 2800
Berlin 2020

2010 Mathematics Subject Classification. 62H30, 62G10.
Key words and phrases. Adaptive weights, likelihood-ratio test, nonparametric clustering, manifold, reach.

Financial support by German Ministry for Education via the Berlin Center for Machine Learning (011S18037I) is gratefully
acknowledged. The research was also supported by the Russian Science Foundation grant No. 18-11-00132.



Edited by

Weierstra3-Institut fir Angewandte Analysis und Stochastik (WIAS)
Leibniz-Institut im Forschungsverbund Berlin e. V.

MohrenstraBBe 39

10117 Berlin

Germany

Fax: +493020372-303

E-Mail: preprint@wias—-berlin.de

World Wide Web: http://www.wias—-berlin.de/


preprint@wias-berlin.de
http://www.wias-berlin.de/

Adaptive manifold clustering
Franz Besold, Vladimir Spokoiny

Abstract

Clustering methods seek to partition data such that elements are more similar to elements
in the same cluster than to elements in different clusters. The main challenge in this task is the
lack of a unified definition of a cluster, especially for high dimensional data. Different methods
and approaches have been proposed to address this problem. This paper continues the study
originated by [6] where a novel approach to adaptive nonparametric clustering called Adaptive
Weights Clustering (AWC) was offered. The method allows analyzing high-dimensional data with
an unknown number of unbalanced clusters of arbitrary shape under very weak modeling as-
sumptions. The procedure demonstrates a state-of-the-art performance and is very efficient even
for large data dimension D. However, the theoretical study in [6] is very limited and did not re-
ally address the question of efficiency. This paper makes a significant step in understanding the
remarkable performance of the AWC procedure, particularly in high dimension. The approach is
based on combining the ideas of adaptive clustering and manifold learning. The manifold hypoth-
esis means that high dimensional data can be well approximated by a d-dimensional manifold
for small d helping to overcome the curse of dimensionality problem and to get sharp bounds
on the cluster separation which only depend on the intrinsic dimension d. We also address the
problem of parameter tuning. Our general theoretical results are illustrated by some numerical
experiments.

1 Introduction

1.1 Manifold Clustering

The task of clustering is often informally described as partitioning a set of objects such that objects
in the same group are more similar to each other than to those in other groups. The lack of a unified
definition has led to a range of algorithms with different objectives. One of the oldest and best-known
procedures are centroid-based methods such as k-means [22]. Other well-known approaches are
density-based methods like DBSCAN [7] or spectral methods [13]. For a comprehensive survey of
clustering methods, we refer to [26]. In this paper, we study a nonparametric clustering algorithm
originated from [6] and called Adaptive Weights Clustering (AWC). It is adaptive as it does not require
the user to specify the number of clusters, and it is able to recover clusters of different size, level of
density and shape, including non-convex clusters. The cluster structure of the data is represented by
an adjacency matrix containing binary entries, so-called weights, hence the name. Informally speaking,
the objective of the algorithm is to find maximal subsets of the data without any significant gap, that is a
region within the cluster adjoining two areas in opposite direction of relatively larger density. This novel
objective is in fact the reason for the high adaptivity of AWC to clusters with very different structural
properties.

This paper focuses on a theoretical study of the algorithm, as [6] already provides a comprehensive
comparative numerical study. In particular, we want to address the challenges that arise from high-
dimensional data that does not concentrate on lower-dimensional linear subspaces and where the
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Figure 1: The reach of a manifold can be either attained by the curvature radius of a geodesic (left) or
the distance to a bottleneck (right)

PCA analysis does not yield a significant spectral gap. We are therefore interested in the case of
high-dimensional data lying close to a lower-dimensional submanifold M. It has been shown that this
is a realistic model for various data, e.g. for images which are represented in a patch space [16, [14]
and a wide range of algorithms have been proposed to deal with the problem of non-linear dimension
reduction [27], e.g. multidimensional scaling (MDS), kernel PCA, Isomap, Laplacian eigenmaps, self-
organizing maps (SOM), locally-linear embeddings and autoencoders [21]. In this work, we will not rely
on any of these techniques, however, we recommend using a manifold denoising algorithm in practice
such as [18] as an additional preprocessing step in order to reduce the magnitude of the noise.

1.2 Submanifolds with positive reach
As regularity condition for the manifold we assume a positive reach, see Definition
Definition 1. Fore > 0 and a set S C RP, let us denote the € -offset of S by
S¢ ={yeR”: 3z € Swith |z —y| < ¢}
and define the reach of S to be

reach(S) :=sup{r > 0: Yy € S” 3z € S nearest toy}.

Originally introduced by [8], a positive reach has proven to be a widely used minimal condition in
geometric and topological inference [4]. If a set has a positive reach % it is also % -convex and one
can freely roll a ball of radius r < % around it [5]. The reach provides information about the local
and the global structure of the manifold at the same time [1]: Any unit speed geodesic of a compact
smooth submanifold M without boundary with reach(AM) > 1 > 0 has a curvature bounded by
and also any so-called bottleneck, i.e. a point on the manifold that has two distinct projections onto
the manifold in exactly opposite directions, has a distance of at least % to M. More precisely, it can
be shown that the reach is either attained by the curvature of a unit speed geodesic or is equal to
the distance of a bottleneck to the manifold. See Figure [1] for a visualization. Moreover, M has a
local Lipschitz continuous parametrization in terms of the tangent plane, see Lemma[d4] We exploit this
property, using that any L -Lipschitz function changes the d -dimensional Lebesgue volume at most
by a factor L9, see Lemma For a survey on sets with positive reach see [23].
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Figure 2: For locally homogeneous data we observe 98-“) ~ q(k') (left), whereas a significant gap is
characterized by 98?) < q™ (right)
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Figure 3: Local clusters during different steps of the AWC algorithm

1.3 AWC revisited

The key ingredient of the AWC procedure is a so-called test of no gap, which is based on a likelihood
ratio test for local homogeneity from [17]. Given a sequence of radii 0 < hg < - -+ < hg in addition to
ourdata X1, ..., X, € RP and using the test of no gap, the algorithm successively screens subsets
of increasing diameters. Using information from previous steps, AWC defines at each step k& around
each point X; a so-called local cluster Ci(k) that is supposed to be a maximal subset of the data in a
vicinity of the given radius hy, satisfying the no gap objective.

In the following, let us explain the main idea of the algorithm more formally. An exact description
via pseudocode is given in Algorithm [1} By || - || we denote the euclidean norm, A denotes the D
-dimensional Lebesgue measure and B(-, -) is the usual notation for a closed euclidean Ball in R”
with given center and radius. Suppose our data X1, ..., X,, € R” is sampled independently from a
common probability distribution IP. Using regular conditional distributions, let us treat X; and X, as
deterministic for some ¢ # j. From a given sequence of radii by < h; < -+ < hg s.t. hlh% < 2we
choose hy; such that || X; — X|| < hy and define the so-called gap coefficient

g% _ P(BX, he) N B(XG, Iy 1))
Y P(B(XG, i) U B(XG, 1))

In case of our distribution being uniform on a neighborhood of B(X;, hy) U B(Xj, hy), or more
generally, having a linear density, the gap coefficient coincides with the so-called volume coefficient

(0 = AMBXG i) 0 BIXG, b))
Y N(B(Xi, 1) U B(XG, hia))

In Figure [2| we visualize the relationship between those two quantities. The idea of a significant gap
is formalized using a likelihood-ratio test of the null hypothesis

Hy : 95}“) > ¢

against the alternative
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Suppose we are given binary weights wgf”_l) = 1(||X; — Xj|| < hi_1) and let us denote the local

cluster around X; of radius hy_; by Ci(k_l) = {X;: whY

i = 1}. Then the corresponding test
statistic can be writte as

B _ N B @® o0 (150 < 4By _ 1 G0 > P
T = NOKOP, 6f) (16 < o) =10 = 4)). )

ivi™\Yij 05 Qi ij
where
(k) _ (k—1) (k—1)
No =Y 1x ect P uctY)
I#i,5
denotes the empirical mass of the union, K(«, ) denotes the Kullback-Leibler divergence of two
Bernoulli variables with means o and 5 and

k—1 k—1
Yl ecVnctY)
N N

iV

o)
!

is an estimator for the gap coefficient. In the AWC algorithm, the assumption of the weights being of
the non-adaptive form wgffl) = 1(]|X; — X;|| < hx_1) will only be guaranteed for the first step, as
the weights are successively updated as
k k
wiy = 1(d(X;, X;) < h) LT < A)

for some parameter A € R. That is, the so-called test of no gap given in that is used in the
procedure does not necessarily coincide with the likelihood-ratio test, complicating the theoretical
study. However, those successive updates allow the weights to carry information from all previous
steps and enable the algorithm to detect gaps at any scale, in particular at a significantly smaller scale
than the size of the final clusters.

n
The output of the algorithm will be a weight matrix (wl(]K)> . Experiments have shown this matrix

i,j=1
to carry relevant information about the cluster structure of the data. However, there is no theoretical
guarantee, that these weights actually describe the edge-disjoint union of fully connected graphs. The
lack of a well-defined cluster objective of AWC can be seen as a disadvantage from a theoretical
point of view. But from a practical point of view, this allows the algorithm to adapt well to a very
inhomogeneous and unknown cluster structure.

Currently, there is a significant gap between practical and theoretical results on AWC. Experiments
have shown the algorithm to deliver state-of-the-art performance on a wide range of artificial and real-
life examples. Some artificial examples are shown in Figure[4] Theoretical results are fairly limited: First
of all, they are limited to the case where no gaps have been detected in the previous step, as otherwise,
the test of no gap does not necessarily coincide with a likelihood-ratio test. Finite sample guarantees
on the propagation effect are only given at a local scale under the assumption of homogeneity due
to the lack of results concerning the propagation at the boundaries of the clusters. A result about
consistent separation is stated for the special case of i.i.d. data X1, . .., X, from a piecewise constant
density supported on three neighboring regions of equal cylindrical shape. A sufficient condition that
allows consistency is that the density is smaller by a factor (1 — ¢,,) on the middle cylinder than on
the other two and that ne2(logn) ! is large enough. It turns out that this rate is optimal up to the
logarithmic factor, more precisely it is impossible for any algorithm to achieve consistent separation if
ne?1 - 00. It has also been shown, that AWC adapts asymptotically to a linear submanifold structure
of the data in the data if the intrinsic dimension is known. However, specific conditions on the size
of the considered deviation from the linear manifold are missing. Moreover, the procedure requires a
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Algorithm 1 Adaptive Weights Clustering (AWC)

1: input: data X1, ..., X,, € RP, a sequence of bandwidths 0 < hy < - -+ < hx and a threshold
A € R for the likelihood-ratio test

2: initialize the weights wg.)) =1(|X; = Xj|| € ho), 1 <4, 5 <n

3: for k from 1 to K do

4: fOI'Z-#jS.t. HXZ_X]H < hk do
5: compute the empirical mass of the union
NG =31 eV ucetY)
I,
where CZ.(k*l) ={X;: wg{*l) =1}
6: compute the estimation of the gap coefficient
(k—1) (k—1)
£ (k)
Nivj
7: compute the likelihood ratio test statistic
k k) (k) (k Ak k Ak k
T = NGK@ER, o) (103 < o) — 105 = o))
where K(a, 8) = alog § + (1 — a)log 1:—%‘ and
5 -1
+1 1
o= [ 2 B(%.3) 4
K B (1 _IXi=X5012 D41 ;)
ahz | 0 2 02
with B(-, -, -) denoting the incomplete beta function and B(-,-) = B(1,-,-) denoting the
usual beta function
8: end for
9:  update the weights
L0 JL(X = X < hi) LT < A) forl<i#j<n
" 1 forl<i=j<mn
10: end for "
11: output: matrix of weights (wz(jK))
ij=1
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Figure 4: Six artificial examples demonstrate the adaptivity of AWC w.r.t. clusters of different size and
density, non-convex shapes and clusters with manifold structure. The top left and the bottom right
examples are original data sets, the rest are taken from [3].

crucial tuning parameter \. This parameter has to grow logarithmically in the data size n to ensure
both propagation and separation. Unfortunately, these results do not indicate how to scale A, as no
finite sample guarantee is given for the separation case.

In this work, we will significantly improve the current theory for AWC, and also solving some of the
open problems mentioned above. First of all, we will consider distributions supported in the vicinity of
closed non-linear submanifolds. We propose a slight adjustment of the algorithm in order to take into
account the intrinsic dimension as well as local deviations due to the curvature of the manifold and the
magnitude of the noise. In addition to generalizing the previous results to this setup, we will give finite
sample guarantees both for propagation and separation and propose a theoretically justified choice
for A under rather general assumptions on the structure of the clusters.

The rest of the paper is organized as follows. In section [2| we present our main results. We start in
subsection by introducing the manifold hypothesis and studying properties of the gap coefficient.
This leads to the introduction of the so-called adjusted volume coefficient and a minor modification
of the algorithm which will preserve consistency under the manifold hypothesis. In subsection 2.2 we
discuss the case of uniform data without any clusters and continue in by studying the sensitivity of
the algorithm w.r.t. local gaps. We will show that the procedure is rate-optimal and discuss the problem
of parameter tuning. In the following section[3|we present numerical results illustrating the main results
of section 2l Proofs are collected in section [4l

2 Theoretical results

2.1 Inequalities for the gap coefficient

When the dimension of the data is too large, the curse of dimensionality will cause the AWC procedure
to fail. That is why we want to study the case where our data is locally lying approximately on a linear
subspace. We start by studying the relationship between two central quantities of the algorithm. The
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first is the so-called gap coefficient

_ J L, 0B P

T T aon rosnn dP

where P is a probability measure on R” underlying our data, » > 0 is a bandwidth parameter that
increases subsequently by a factor b € (1,2) during the procedure and M; and M, are two points
in RP. We only need to compute it if || M; — Ms|| < br. The purpose of this quotient is to measure
whether there is a significant gap in the data between M, and M, e.g. a region with a lower density,
by comparing it to the volume coefficient

— f]lB(Ml,T)ﬂB(M%r)d)\
f]lB(Ml,r)UB(MQ,T)d)\’

q:

with A being the Lebegue measure. The volume coefficient in dimension D is a function of s :=

HMl;—Mﬂ' and is given by [6]
( B (2 L) -
0= an(s) = [ 2 S2 ) — 1) , (2)
B ( - 1 %’ %)

where B(-, -, -) denotes the incomplete beta function and B(-,-) = B(1, -, -) denotes the beta func-
tion. As the dimension D increases, the volume coefficient decreases approximately exponentially
in D as stated in the following Lemma. This demonstrates the curse of dimensionality, as we need
at least an exponential growth in the data size w.r.t. the data dimension to guarantee a reasonable
estimation of the gap coefficient, which is a necessity for the AWC algorithm.

Lemma 1. For0 < s < 2, we have

L wl) (D1}

2D+ DT () o) A

By considering locally homogeneous data lying close to a lower-dimensional submanifold of dimension
d, we show in the second Lemma that the gap coefficient essentially behaves locally as for homoge-
neous data on a linear subspace of the same dimension. We will use this in the following to prove
theoretical guarantees for the AWC procedure. Let us start by listing all the assumptions on the dis-
tribution IP and the tuning parameters of the algorithm that we need - these are mainly a lower bound
for the reach of the manifold on which the data is concentrated, an upper bound for the size of the
additional noise in terms of the size of the considered vicinity and an upper bound for the radius of the
considered vicinity in terms of the reach.

Assumptions A(rg, 71):

B P is the probability distribution of a random variable of the form X + &, where X is uniformly
distributed on a manifold M and ||| < 7

B M is a compact d-dimensional C? submanifold of R” without boundary

W reach(M) > Lforx >0

:
B re < osd
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1
W< max{48,6d}x

Bl<b< b—'r{forsomeb’<2
(14+3k71)(145->)

Note that the upper bound for b is not a very restrictive assumption. The complexity of the AWC
algorithm with respect to b is O (@) so as long as b is bounded away from 1, e.g. as long as
b > % this does not change the overall complexity.

Lemma 2. Suppose assumptions|A(r, 1) are satisfied and M, My are two points in the support of P
whose distance is at most br. Then

(Iter) (1 4ee) " < —E < (14 2m)(1+2)
qa(s)
for
84k(d+ 1)r
M NS
(1- (%))
and

80(d + 1)

2\
14 2
(1 - (%) )

Let us point out that our bound on the deviation of the gap coefficient from the volume coefficient is a
product of the form (1 + O(xr)) (1 + O (%)), as long as the intrinsic dimension d is bounded and
as long as b’ is bounded away from 1. The first factor takes into account the reach of the manifold,
whereas the second factor only depends on the size of the noise. In particular, using a manifold
denoising algorithm [10} [11] [25] [18], we can preprocess our data in order to reduce noise and expect

the second factor to be irrelevant. Thus, it might also be reasonable to study a setup without noise as
in the following trivial Corollary.

E¢ =

Corollary 1. Suppose r¢ = (0 in addition to the assumptions of Lemma@ Then

qp

(T+em) ' < 2a(s)

§1—|—€M

Recall that the main idea of the AWC algorithm is to distinguish a homogeneous area from a gap
between two clusters by estimating and comparing the gap coefficient with the volume coefficient.
However, due to the non-linear manifold structure as well as the noise, we cannot establish a strict
inequality between the two quantities even for the uniform case. Nevertheless, Lemma [2] guarantees
a strict inequality for the homogeneous case if we adjust the volume coefficient by a factor (1 +
EM)_l(l + 65)_1. Consequently, we will adjust the proposed test of the AWC procedure to

k k) k) (k ~(k k ~(k k
Ti(j) = Ni(\/j)"c(ez(j)? qz(j)){]l(ez(j) < qz('j)) - ]l(ez(j) > qz('j))}

by considering an adjusted volume coefficient

_ _ Xi— Xj
8= (e (e (10,

hy,

Note that in practice, the parameters d, % and r¢ are unknown. We refer to [12] for an overview of
procedures dedicated to estimate the intrinsic dimension. The estimation of the noise is related to the
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estimation of the manifold and is particularly related to the problem of recovering the projections of
the data onto the manifold, see [18]. The estimation of the reach has been studied in [1]. However, the
effect of the reach is locally small and can be ignored. Similarly, using a manifold denoising algorithm,
we can assume the effect of the noise to be insignificant. In contrast, the estimation of the dimension
is crucial and cannot be ignored.

2.2 Propagation in the uniform case

In the following, we generalize the results from [6] to our considered setup. As expected, the adjusted
AWC algorithm consistently propagates homogeneous areas of our data: If the threshold A\ of our
likelihood-ratio test is of the form C'log n, then the accuracy in estimating the weights of the adjacency
matrix is of order 1 — O (n~(¢=%).

Theorem 1. Suppose assumptions |A(hi_1, hy_1) hold and X1, Xs, ..., X, Hdp. We assume

that the AWC algorithm did not detect any gaps in the previous step. If we choose the threshold
A = C'logn for some C > 0, then

pen <Ti§."') > Clogn‘HXl- — X < hk> <on'C.

Corollary 2. Suppose assumptions|A(hg, hx ) hold and X+, Xs, ..., X, P K < noand we
choose the threshold A = C'logn for C' > 3, then

P (wlf) = 1%i,5) 21— 207,

2.3 Separation in the gap case

For the case of a significant gap in the data, we can also generalize the results of [6] to the manifold
setup and show that we consistently separate the data achieving nearly rate-optimality. In addition,
we give a finite sample guarantee. Together with the previous results for the homogeneous case,
this yields a first theoretically justified proposal to choose the parameter A. Moreover, we do not only
generalize from a linear to a smooth subspace structure of our data but also significantly generalize
the definition of the considered clusters.

Assumptions B(7):

B Suppose assumptions hold except that X does not need to be uniformly distributed on
the considered manifold M, but follows some Lebesgue density f whose support is a subset

of M
m (,...,CY, are disjoint subsets of M

B Spatial separation of clusters is ensured by

doo(Cy,Cy) = min _ |lx—vy|| >r+2r for 1< #j <k

IGCi/,yGCj/

B Similarly as in [20], we assume a thickness condition on each cluster: We assume there is a
constant fy > 0 s.t. forany z € C; and ' < r we have

/f]lB(:c,r’) > fO/]lB(m,r’)ﬂM
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B Separation of clusters is also ensured by a significant depth of the gap:
ess supppuc; f < (1 —€)fo

B The sample size n has to be large enough, i.e.

n

>

DO
?T‘Nl\')| Sy

logn
for zj, := P(B(x;,7) U B(xj,7)) and some § > 0.

B The depth € < 1 of must be significant w.r.t. the effect of curvature and noise, and decreases
1 1
not faster than (log n)2n "2, i.e. it satisfies the lower bound

2aclogn
> 7 2 _—
£ > max{ (em +€¢), zqd(b)Qn}

for some o > (.

Theorem 2. Consider the assumptions |B(hy_1) and X1, Xs, ..., X0 Hdp, Suppose x; and x;
have a distance of at most h;, and are ¢ -close to two different clusters. We suppose that the algorithm
did not detect any gaps in the previous steps. Then

2
per+2) (Ti(jk) > (\/_— \/B) 10gn’Xi =1z, X; = JUj) >1-3n7".

Remark 1. Under the assumptions above, the gap will be consistently detected at step k where the
considered vicinity first exceeds the width of the gap. However, as in the homogeneous case, the
speed of convergence depends on the choice of the tuning parameter \. Theorems|1] and[d suggest
choosing a threshold of the form A\ = C'logn. Moreover, the optimal constant C* that yields the
fastest convergence wff) — wj; in probability for both discussed cases according to the given lower
bounds for the accuracy of the estimation of the weights is given by

¢ = sw min{ (va-3) .0}

pe(0,)

The corresponding rate of misclassification is for both cases

pen (@f’ £ wij> <Om ).

Theorem [2| guarantees consistent separation as long as €2 pe 10%. This rate turns out to be nearly

optimal if we consider a noiseless setup and a density that is piecewise constant. To be precise, it is
1

impossible for any algorithm to consistently detect the gap if € decreases at the rate n™ 2.

Assumptions C:

W C,,...,Cy, are disjoint subsets of a manifold M C R

DOI 10.20347/WIAS.PREPRINT.2800 Berlin 2020



Adaptive manifold clustering 11

B X, ..., X, aredrawni.i.d. from a density supported on M that is constant on V' := UC}; with
value fi and constanton G := M \ V with value f¢

Theorem 3. Let assumptions[C be satisfied. We consider the null hypothesis of a uniform distribution
on the manifold, i.e.

Hy: fa = fv
against the alternative

Hy: fo=(1-0)fv

for § > 0. Then no test can separate the two cases consistently if né> - oo asn — oo.

3 Experimental Results

Although manifold models are considered to be realistic, we still impose some assumptions for our
theoretical study that are usually not satisfied in real-life. Most importantly we assume that our data
lies on a manifold without boundary and positive reach up to bounded noise. A comprehensive nu-
merical study of the procedure including real-life data by [6] suggested that these assumptions are
not necessary in practice and the performance of the algorithm is competitive with state-of-the-art al-
gorithms. Rather, the limiting factor of the algorithm for clustering so-called big data at a global scale
seems to be its polynomial complexity. That being said, in this work, we will restrict to some rather
simple artificial examples in order to illustrate and verify our theoretical results.

3.1 Consistency
In order to verify the sensitivity of the AWC algorithm w.r.t. local gaps for data lying on non-linear
submanifolds and illustrate the main results Theorem [1|and Theorem |2, we will start by studying an

artificial example where the embedding dimension is equal to 2 and the intrinsic dimension of the data
is 1. We consider a distribution on the vacinity of the unit circle S* in R? with two clusters

1
Ci={(z,y) €S 1y > Z}

and .
Co:={(v,y) €Sy < _4_1}'

By IP. we denote the distribution corresponding to the density

1
fE = % (]1C1U02 + (1 - e)ﬂsl\(clLJCQ)) ’

Moreover, by U/(r) we denote the uniform distribution on a 2-dimensional ball of radius r. Then we
sample X1, ..., X, i.i.d. from
U 1
]Pjﬁ (10) = PE xU (E) )

cf. Figure[5] To measure the performance of the algorithm we use a modified version of the Rand index
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For simplicity, we refer to this measure as Rand index. It can also be defined as the accuracy of
a subset of the weights (wgf))gszl. As our theoretical results only apply at a local scale, we also

restrict here to a local scale hi = 1 and fix a series of bandwidths h; = 2272, = 0, ..., 4. We only
adjust the gap coefficient with respect to the intrinsic dimension, that is, we assume the reach and
the noise magnitude to be zero in the computation of the adjusted gap coefficient. For each sample,
we run the algorithm for different A and consider only the best resulting Rand index, i.e. we overfit \.
Finally, for different values of €, we repeat the experiment 100 times. The resulting average rand index
is plotted in Figure [6]on the left. Note that the Rand index is in general quite close to 1, however, this is
only due to the imbalance in the considered classification problem. For the evaluation of the results, we
are only interested in the relatively large values, e.g. > 0.99. On the right, the quota of experiments is
plotted where a rand index of 1 is achieved. This relates to our theoretical results, whereas the average
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Adaptive manifold clustering 13

rand index is a more common measure in practice. Our theoretical results show, that the minimal e,
for which we can reconstruct the cluster structure with high probability, is up to logarithmic factors of

order \/g The experiment is not exhaustive enough to verify this result. However, the results verify
the asymptotics € 7% (0 and indicate that ¢ decreases significantly slower than %

A less expected detail in the plot is the fact, that for small values of the depth €, we observe better
Rand indices as the sample size n decreases. This can be explained as follows. If € is small, our
distribution is very close to a distribution without a gap. Thus, for large n, the empirical distribution will
also be close to a uniform distribution, and it will be very difficult for the algorithm to detect the clusters.
However, for small n, the distribution may deviate more from the uniform distribution and form random
clusters that in some cases do accidentally have similarities to the true cluster structure.

3.2 Parameter tuning

In the experiment above, we also computed for each experiment the minimal value of A that achieved
the largest rand index and plotted the resulting average in Figure[7] The results support our proposition
that A should be scaled logarithmically w.r.t. the data size.

average best A
20

191

181

174

154

144

1314

260 460 860 16‘00 32‘00 64‘00
sample size n

Figure 7: Average minimal lambda with best rand index for e = 0.9

3.3 High-dimensional data

In this subsection, we study the effect of the embedding dimension, i.e. the effect of high-dimensional
noise. Recall that the presented results are independent from the embedding dimension D of the
data. However, as we assume the norm of the noise to be bounded. In the case of centered noise with
i.i.d. coordinates this implies that for each coordinate the variance is of order O(D ™). This motivates
the study of two different noise distributions. Firstly and corresponding to our theoretical results, we
consider the uniform distribution I/ (r) on a centered D -dimensional ball of radius . Also we want to
consider the centered multivariate normal distribution A/(0) with covariance matrix 021 . Note that
for large D, N/ (c?) is concentrated on a thin annulus around the centered sphere of radius ov/D, so
the two noise distributions mainly differ in the parametrization of the scale.

By Pp . we denote an D -dimensional embedding of the distribution P, described in subsection
Then we draw our sample X1, ..., X, i.i.d. either from

U( L 1
PD?SO) =PpxU (E)
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Figure 8: Average rand index (left) and quota of experiments yielding a rand index 1 (right) for uniform
noise of norm < &

or

(o) 1
pilem) _p, ).
Dy e N (3200)

1
Note that the distribution P, u(s) used in the above experiments is a special case of P}, ( ") forD = 2.
Moreover, for D = 32, both distributions concentrate on the proximity of a centered sphere of radius
%. Thus we might expect similar performance of the algorithm for both distributions for D = 32.
According to our results, the performance should not break down in the uniform case for large D while
we expect the performance to decrease with growing embedding dimension for the Gaussian noise as
the noise radius increases.

We fix the sample size n = 1000 and proceed otherwise analogously to the first experiment: For each
sample, we optimize ) and repeat the experiment 1000 times for each value of €. The resulting average
rand indices, as well as the quota of experiments with rand index equal to 1, are presented in Figures
[Bland[9]and confirm our expectations. We observe one interesting detail in the quota of correct outputs
in the presence of uniform noise on the right plot in Figure [8] For a very small embedding dimension
D the performance is slightly worse. A possible explanation is that the high-dimensional noise approx-
imately preserves distances up to a constant summand with large probability. So in this experiment,
the separation of the two clusters might be more difficult under smaller embedding dimension D.

4 Proofs
Proof of Lemmal[dl The main tool for the bounds will the series representation

. I'l—b+n)
Bwa.b) =z Zr =00+ Datn)

n—=

n
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Figure 9: Average rand index (left) and quota of experiments yielding a rand index 1 (right) for Gaussian

. . 1
noise of variance 5555 /p

for the incomplete beta function [15]. Also, we use the logarithmic convexity of the gamma function.
For the upper bound we get

’ 2
=B
e} g-{-n
1—ﬁ)2
_ &\
S B(5LY)
2% d2
(-5 Ty
5T (S5HT(3)
d+1
(-5 e
IO
4 2 2
d+1
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and similarly, we compute the lower bound

O

For the proof of Lemma [2 we will use the following two auxiliary Lemmas. By vol(-) we denote the
Lebesgue volume on a submanifold of R”. We will consider different such manifolds and not specify
them explicitly, as long as it clear from the context to which manifold we refer.

Lemma 3. For any d -dimensional C* submanifolds M1, My € RP a measurable subset A C M,
and a C' -Lipschitz function f : M1 — M., we have

vol(f(A)) < Col(A).

Proof. This inequality is also valid for the d -dimensional Hausdorff measure. In this case, it is a simple
consequence of the definition of the Hausdorff measure [2]. As the Lebesgue measure is related by a
constant factor [9], it also holds for the Lebesgue measure. O

For the second auxiliary Lemma we consider a C? submanifold M € R” with reach % > 0 and for
some fixed x € M we denote the tangent plane of M at x by 7.

Lemma 4. For all0 < r < 11— the restriction of the projection P : R — T associating each

Y € R with the closest point in T to M N B(x,r) is a 1-Lipschitz injection and its image contains
T N B(x,r/L), whereas its inverse is L -Lipschitz for L := 1 + kr.

Proof. This lemma is given in [2] with some unspecified small enough constant instead of 11—6. Following
the corresponding proof, it can be easily verified that this constant is indeed small enough. O
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Proof of Lemmal2 Let us denote the uniform measure on the manifold with . For ¢« = 1,2, we
choose a point M, on the manifold M of distance at most ¢ to ;. Because the Euclidean norm of
the noise ¢ is bounded by 7¢, we get

B f]lB(M{,r—2r§)mB(M§,r—2r£)dM

q ‘=
S LBt 20 )UB(My r+2re) At

< gp

i Lp(] rv2re)nB (MG rr2r ) A

f]lB(M{,T—ng)UB(Mé,7‘—27‘5)d:u
= (qu (3)

Let us denote by + one of the symbols M or U and suppose 1’ € [r — 2re, T+ 27’5]. By P we denote
the orthogonal projection onto the tangent plane 7 of M at M. Our assumptions ensure that a ball
of radius 3 around M contains both B(Mj, ") and B(M,,r"). Since the restriction P| g (s 3r)
is an injective 1-Lipschitz map with an L -Lipschitz inverse with L := 1 + 3xr, we conclude (cf. [2])

“a o YOUPMN (B(M], ') & B(M}, 1)) _ (4)
vol(M N (B(M{,r") £ B(Mj,r"))) —

Moreover, the above Lipschitz constants imply

/

TNB(P(M]),—) C PIMnB(M,,r")) CTnB(P(M),r")

|

fort = 1, 2 and therefore

vol (T N (B(P(Mj),r") £ B(P(Mj3),r")))

vol (P(M N (B(M{,r") £ B(Mj,17))))
o Wl (TN (B(POL), ") £ BIPOL). ) . - (5)
~vol (T N (B(P(M), %) £ B(P(M}),%))) '

T

Note also that according to our assumptions, any intersections encountered so far are nonempty. From
and (5) we conclude
¢5vol (T N (B(P(My),r") £ B(P(My),1")))
< vol (P(M N (B(Mj,r") + B(M;,1"))))
< vol (M N (B(Mj,r") + B(Mj,r")))
< Lol (P(M(N(B(M],r") & B(M},7"))))
< Lol (T N (B(P(M;),r") + B(P(Mj),r")))
and obtain . .
< vol (M N (B(M{,r") £ B(Mj,r"))) < ¢ ©)
’ vol (T N (B(P(Mj),r") £ B(P(M}),r")))
In particular, considering (£, 7') = (N, 7 + 2r¢) and (£,7) = (U, — 2r¢) in (6), we get

Qu S qU,r—Qrngquqr—l—Qrgs (7)
where g, is defined as

_vol (TN B(P(M]), ') N B(P(M3), "))
= ol (T A (B(P(M), ) U B(P(M}), "))
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for v’ € [r — 2r¢, r 4 2r¢] and
Vol (T N (B(P(My), 7+ 2r¢) U B(P(Mj), r + 2r¢)))
W= Vol (T N (B(P(M]), r — 2r¢) U B(P(M3), 1 — 2r¢)))”

For the lower bound, we similarly obtain

@ > Grror L5 G- (8)

The quotient g, is exactly the volume coefficient defined in (2) in dimension d at ”P(M{);P(Mé)

derivative of gy is given by

I The

2\ T+ d+1 1
qg(t):_Q(l_tZ) d118(272)t2d11 2"
(2B(%53) - B(1-5.,%3))

Its absolute value on [0, 2) is bounded from above by B(Lfl 0
2 02

. For the following we define s :=

M =Ml Because qq is a monotonely decreasing function on [0, 2) and

|P(My) — P(My)|| = 2r¢ < [|My — M,|| < LI|P(My) — P(Ms)]| + 27,

we have

min{0, | M; — Ms|| — 27’5})

<
QT+2T§ — Qd ( L(T’ + 27"5)

2 HMl_M2H_2T§>
< 4+ — -
< 4als) B (%, 3) (8 L(r + 2r¢)

2
B 2 sr(L —1) 2sr¢ 2r¢
= qa(s) + B (%, %) <L(r +12) T+ 2r¢ + L(r + 2r¢)
< auls) + 12kr N 12%
= qa\s d+1 1 drl 1
B(%+3)  B(%3)
<aquls) (14— 2T Ly 12 (9)
= qals .
a(V)B (5 3) qa(V)B (5. 3)
Similarly, we obtain
My — Ms|| + 2r
q?"—27“§ Z dd (H ! 2” {)
T — 2r¢
-1
_ qa(s)
= qd(S) <HM1—M2”+27‘§>
4a 7”—27”5
-1
M1 —M: T My —M: r
qd (H 1r—227"|§|+2 £> + B(dil,;) (H 17~—227~|l+2 £ — S>
> qa(s) AT _2M -
1—Ma||+2r¢
4a ( 7"727"5 )

2( 2s7¢ + 2re ) -1

r—2r¢ r—2r¢

> 1+
= Qd(S) 4 (b’) B (di;’ %)
re 1
> qa(s) [ 1+ 2 ZESem : (10)
qa (V') B (4, 3)
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It remains to find upper bounds for g, cy,» and g, Firstly, note that for z € T, we have
(T NB +2vol (TN (B(z,7")\ B(z, =
o< T OB D) £ 20 (TOBE\Bw D) e
vol (Tﬁ B(x, 7'f))
Analogously, using (1 4+ 2) < 1+ 2zdfor 0 < z < %, we find
o\ @
"< <2 (H_s) _ 1)
T — 2r¢
B\ ¢
<2 (1 + 2 ) - 1)
20d
< (1 + Tg) (12)
r
and
L* (2L — 1) < 1+ 24krd. (13)
Moreover, for s’ := ”P(M{)T_—,HM@H,
B qa (s')
QO,T’ - qU,T‘ qd (S,L)
) qd(s’L)—i-s’(L—1)B<di1 oy
< (2L -1 22
< ) (s'L)
12kr
<(@2L4—1) 1+ : (14)
( qa(t))B (5, %))

Finally, we derive a tractable bound for W. Using only the first term of the series [15]
d D)

o (1-b+n) "
B(x,a,b) = anFl—b )(a—{—n)x
we get
7N 2
L (Y -B(1-(9) )
wW)B(5H3)  B(1-(5)" 42,1) B (%)
< 2
CB(1-(5)" )
d+1
< +24+1- (15)
(1- (%))

Finally, putting (3), (@, (), ®, (10), (11), (12), (A3), and together, we obtain

Mt< L <y
qa(s)
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for

M = (14 24kdr) | 1+

6/2% 1+207 b/?%
(1- %)) 1= (%))

According to our assumptions, both 24xdr and % are not larger than 4. In particular, M is bounded
from above by (1 + eq)(1 + &¢). O

12k(d + 1)r ( d7‘§> - (12(d+1)7"7f

Proof of Theorem[il Note that the proof of [6, Theorem 3.1] relies only on the inequality Hg?) > qz-(f)

for || X; — Xj|| < hg. However, this is ensured by Theorem 2 and the construction of the adjusted
volume coefficient. O

Proof of Corollary[d This is a simple consequence of Theorem|[i]and the union bound. O

Proof of Theorem[2 For [ = i, j we choose a point X of distance of most ¢ to a cluster Cy, for k; #
k;. Our assumptions imply that the density in the overlap B (X}, hy—1+27¢) NV B(X7, hy—1+21¢) NS
is bounded from above by (1 — €) fy. Let us denote the uniform measure on the manifold by 1 and the
distribution with gap and without noise by IP.. Hence,

o) < P(BOM], 7+ 2r¢) 0 B(M;, 7+ 2r))
YT P(B(M{,r — 2r¢) U B(Mj, r — 2r¢))
(1—¢€)foA

with
A= p(B(M{,r+2r¢) N B(My,r+12¢)),
B = u(B(Mj,r —2r¢) U B(Ms, 1 — r2¢))
and C' = p(B(Mj,r — 2r¢)) + p(B(My,r — 2r¢)).

The first factor of the latter % is bounded from above by quf) by Theorem Moreover, B < (C'
implies that the second factor is bound from above by 1 — ¢, providing the upper bound

0y < (1—e)Mq}).

4]
Monotonicity of g; and the lower bound of the depth € of the gap lead to

g =00 > (14 en) (1 +20) ™" = (1= (1 + e (1 + 20)aa(D)

> ((1+5) a9 (14 5) )
> GQd(b)
> A0

Using Pinsker’s inequality, we get

K (0 00)) = i) (17)
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As % > 2'3 , we can choose some ¢ > 0 satisfying the inequalities

logn
26%n > Blogn (18)
and on < an (19)

For the following we always assume implicitely that we condition on X; = x; and X; = x;. By
Hoeffding’s inequality and we know

N® > > (zr —O)n

A%
with probability at least 1 — n~#. This implies together with

k ZET
N 2 (20)
with probability at least 1 — n~?. On the other hand, by [6, Lemma 5.1] we have
~ 1
]C(&(f)ﬁ(f)) < M (21)
W N®
1Vj

with probability at least 1 — 2n=P. By the union bound, there exists an event E of probability at least
1 — 3n~" on which both and hold. In the following let us fix an outcome of the event E. Then

and (21) imply
206 2plogn

ZEn

KOW ok)y <

Z] ? 7

The assumption IZQg’"; > 2ap~tqa(b) 7%, a > B > 0, implies

g (k) 6 2o (b)?
K(0;; ,0” ) < —€“qa(b)”. (22)
Note that (16) implies in particular ql(jk > 9 . Since the function KC(-, ) is strictly monotone on the
interval [0, 1) and conS|der|ng E<1,we conclude from (A7) and (22)

A k
o < qy.

The triangle inequality and Pinsker’s inequality yield

n(k) (k) (k) (k)
105" — a;;°| = 10 qw | ‘9 —0;5"|

(23)

> 2O e g

\/i 2 R Y]
qa(b) \/E
> € \/§ (1 - a) (24)

From Pinsker’s inequality and the assumption 122;7;1 > 2ap~1qq(b) "% we deduce

K@, q) = 2060 - a3

ij ) 11

logn B
> 2 1—1/—
- N “ @
logn 2
> (va-v3) (25)
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Finally, putting together and (25), we conclude that any outcome of the event E satisfies

k k k Py k
TP = NOEEOD, ¢ {10F < o) — 161 > ¢P)}

> <\/a— \/B) log n.

O

Proof of Theorem[3 Let us denote the value of the constant density under the null hypothesis by fj
and the Kullback-Leibler divergence by Dy (-, -). Using 1 = f¢|G| + fy |V, we compute

fv = ! and
VG + V] - 6|G]
fo— 1-0

“Tlal+ v -elar

Additivity of the Kullback-Leibler divergence and f, = m yields

01Dy (Po, P1) = folG] log f— T folV]log f
G ) G
:10g<1—(5 — log(1—4¢
Gl vi) @+ et o)
2 (g

I ) 2
S R I B B
2|G|+|V|( G vy) o)

the latter follows from the Taylor expansion. As DKL(IP’O, IP’l) — 00 is a necessary condition for con-
sistent testing [24], Section 2.4.2], we deduce that no test is able to separate the two cases consistently
provided that nd? - 0o as n — oo. O
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