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Abstract

Consider the problem of estimating the y-level set G, = {z : f(z) > v}
of an unknown d-dimensional density function f based on n independent
observations Xi,..., X, from the density. This problem has been ad-
dressed under global error criteria related to the symmetric set difference.
However, in certain applications such as anomaly detection and cluster-
ing, a spatially uniform confidence interval is desired to ensure that the
estimated set is close to the target set everywhere. The Hausdorff error
criterion provides this degree of uniformity and hence is more appropriate
in such situations. The minimax optimal rate of Hausdorff error conver-
gence is known to be (n/ logn) ™ (4+2%) for level sets with boundaries that
have a Lipschitz functional form, and where the parameter « characterizes
the regularity of the density around the level of interest. However, previ-
ously developed estimators are non-adaptive to the density regularity and
assume knowledge of a. Moreover, the estimators proposed in previous
work achieve the minimax optimal rate for rather restricted classes of sets
(for example, the boundary fragment and star-shaped sets) that effectively
reduce the set estimation problem to a function estimation problem. This
characterization precludes level sets with multiple connected components,
which are fundamental to many applications. This paper presents a fully
data-driven procedure that is adaptive to unknown local density regular-
ity, and achieves minimax optimal Hausdorff error control for a class of
level sets with very general shapes and multiple connected components.

1 Introduction

Level sets provide useful summaries of a function for many applications includ-
ing clustering [T}, 2], anomaly detection [3| [4] [5], functional neuroimaging [6l, [7],
bioinformatics [], digital elevation mapping [9, [10], and environmental moni-
toring [11]. In practice, however, the function itself is unknown a priori and only
a finite number of observations related to f are available. Here we focus on the



density level set problem; extensions to general regression level set estimation
should be possible using a similar approach. Let Xi,..., X, be independent,
identically distributed observations drawn from an unknown probability mea-
sure P, having density f with respect to the Lebesgue measure, and defined on
the domain X C R?. Given a desired density level y, consider the y-level set of
the density f:

Gy ={reX: f(z) >~}

The goal of the density level set estimation problem is to generate an estimate G
of the level set based on the n observations { X;}?_;, such that the error between
the estimator G and the target set 7}, as assessed by some performance measure
which gauges the closeness of the two sets, is small.

Most literature available on level set estimation methods [3], 4} 12} O] 13| 14}
15l [16] considers error measures related to the symmetric set difference,

G1AGy = (G1\ G2) U (G2 \ Gy). (1)

Here G1 \ G2 = G1 N G, where G° denotes the complement of the set G. For
example, in [3} [13] (14, [16] a probability measure of the symmetric set difference
is considered, and in [12] [9] [16] a probability measure of weighted symmetric set
difference is considered, the weight being proportional to the deviation of the
function from the desired level. Symmetric difference error based performance
measures are global measures of average closeness between two sets and hence
may produce estimates that deviate significantly from the desired level set at
certain places. However, some applications such as anomaly detection and clus-
tering may require a more local or spatially uniform error measure as provided
by the Hausdorff metric, for example, to preserve topological properties of the
level set as in clustering [Il 2] [I7], or ensure robustness to outliers in level set
based anomaly detection [3} 4, 5] and data ranking [I8]. Controlling a measure
of the symmetric difference error does not provide this kind of control and does
not ensure accurate recovery of the topological features. To see this, consider a
level set with two components as depicted in Figure[llas an example. The figure
also shows two candidate estimates, one estimate connects the two components
by a “bridge” (resulting in a dumbbell shaped set), while the other preserves
the (non)-connectivity. However, both candidate sets have the same Lebesgue
measure (volume) of symmetric difference, and hence a method that controls
the volume of the symmetric set difference may not favor the one that preserves
topological properties over the other. Thus, a uniform measure of closeness be-
tween sets is necessary in such situations. The Hausdorff error metric is defined
as follows between two non-empty sets:

dso (G, G2) = max{ sup p(x,G1), sup p(z,G2)} (2)
z€G2 zeGq
where
=i f —
p(z, Q) ;gGIIx yll, (3)



Figure 1: (a) The y-level set G of a density function f(x) , (b) Two candidate
set estimates G 4 and G with the same volume of symmetric difference error
vol(G4AGY) = vol(GBAGY), however G4 does not preserve the topological
properties (non-connectivity) and has large Hausdorff error doo (G a, G%), while
G p preserves non-connectivity and has small Hausdorff error dw (G, G%).



the smallest Euclidean distance of a point in G to the point x. If G; or Gs is
empty, then let doo (G171, G2) be defined as the largest distance between any two
points in the domain. Control of this error measure provides a uniform mode of
convergence as it controls the deviation of even a single point from the desired
set. In the dumbbell shaped set in Figure[l] the Hausdorff error doo (G4, G%) is
proportional to the distance between the clusters (i.e., the length of the bridge).
Thus, a set estimate can have very small measure of symmetric set difference but
large Hausdorff error. Conversely, as long as the set boundary is not space-filling,
small Hausdorff error implies small measure of symmetric difference error.

Existing results pertaining to nonparametric level set estimation using the
Hausdorff metric [I3] 14, 19] focus on rather restrictive classes of level sets
(for example, the boundary fragment and star-shaped set classes). These re-
strictions, which effectively reduce the set estimation problem to a boundary
function estimation problem (in rectangular or polar coordinates, respectively),
are typically not met in practical applications. In particular, the characteriza-
tion of level set estimation as a boundary function estimation problem requires
prior knowledge of a reference coordinate or interior point (in rectangular or po-
lar coordinates, respectively) and precludes level sets with multiple connected
components. Moreover, the estimation techniques proposed in [13| 14} 19] re-
quire precise knowledge of the local regularity of the density (quantified by the
parameter «, to be defined below) in the vicinity of the desired level in order
to achieve minimax optimal rates of convergence. Such prior knowledge is un-
available in most practical applications. Recently, a plug-in method based on
sup-norm density estimation was put forth in [20] that can handle more general
classes than boundary fragments or star-shaped sets, however sup-norm den-
sity estimation requires the density to behave smoothly everywhere to ensure
that the estimate is close to the true density at all points. Also, the method
only deals with a special case of the density regularity condition considered here
(aw = 1), and is therefore not adaptive to unknown density regularity.

In this paper, we propose a plug-in procedure based on a regular histogram
partition that can adaptively achieve minimax optimal rates of Hausdorff er-
ror convergence over a broad class of level sets with very general shapes and
multiple connected components, without assuming a priori knowledge of the
density regularity parameter «. Adaptivity is achieved by a new data-driven
procedure for selecting the histogram resolution. The procedure is reminiscent
of Lepski-type methods [21], however it is specifically designed for the level set
estimation problem and only requires local regularity of the density in the vicin-
ity of the desired level. While the basic approach is illustrated through the use
of histogram-based estimators, extensions to more general partitioning schemes
such as spatially adaptive partitions [22] 23| 24} 25] might be possible. The
theory and method may also provide a useful starting point for future investi-
gations into alternative schemes, such as kernel-based approaches [5], that may
be better suited for higher dimensional settings.

To motivate the importance of Hausdorff accurate level set estimation, let
us briefly discuss its relevance in some applications.



Clustering - Density levels set estimators are used by many data clustering
procedures [I} 2 [177], and the correct identification of connected level set
components (i.e., clusters) is crucial to their success. The Hausdorff cri-
terion can be used to provide theoretical guarantees regarding clustering
since the connected components of a level set estimate that is e-accurate
in the Hausdorff sense, characterize the true level set clusters (in number,
shapes, and locations), provided the true clusters remain topologically
distinct upon erosion or dilation by an e-ball. The last statement holds
since

doo(G1,G2) <e = G1 C Gy, G2 C Gy,
where G¢ denotes the set obtained by dilation of set G by an e-ball.

Data Ranking - Hausdorff accurate level set estimation is also relevant for
ranking or ordering data using the notion of data-depth [I§]. Deunsity level
sets correspond to likelihood-depth contours and Hausdorff distance offers
a robust measure of accuracy in estimating the data-depth as it is less
susceptible to severe misranking, as compared to symmetric set difference
based measures.

Anomaly detection - A common approach to anomaly detection is to learn
a (high) density level set of the nominal data distribution [3, 4] [5]. Sam-
ples that fall outside the level set, in the low density region, are considered
anomalies. Level set methods based on a symmetric difference error mea-
sure may produce estimates that veer greatly from the desired level set
at certain places and potentially include regions of low density, since the
symmetric difference is a global error measure. Anomalous distributions
concentrated in such places would elude detection. On the other hand,
level set estimators based on the Hausdorff metric are guaranteed to be
uniformly close to the desired level set, and therefore are more robust to
anomalies in such situations.

Semi-supervised learning - Unlabeled data can be used, along with labeled
data, to improve the performance of a supervised learning task in certain
favorable situations. One such situation, commonly called the cluster as-
sumption, is where the regression function is constant or smooth in high
density regions [26] 27]. As discussed in [28], improved error bounds can
be obtained if these decision regions (corresponding to connected com-
ponents of the support set) can be learnt using unlabeled data, followed
by simple averaging or majority vote on each component to predict the
label which requires few labeled examples. Correct identification of the
connected components of the support set is crucial to obtaining improved
error bounds, and hence a uniform control provided by the Hausdorff error
is needed.

Thus, Hausdorff accurate estimation of density level sets is an important prob-
lem with many potential applications. However, in all these applications there



are other issues, for example, selection of the density levels of interest, that are
beyond the scope of this dissertation.

This paper is organized as follows. Section [2] states our basic assumptions
which allow Hausdorff accurate level set estimation and also presents a mini-
max lower bound on the Hausdorff performance of any level set estimator for the
class of densities under consideration. Section ] discusses the issue with direct
Hausdorff estimation and provides motivation for an alternate error measure.
In Section @ we present the proposed histogram-based approach to Hausdorff
accurate level set estimation that can achieve the minimax optimal rate of con-
vergence, given knowledge of the density regularity parameter . Subsection 4.1
extends the proposed estimator to achieve adaptivity to unknown density reg-
ularity. Subsections present extensions that address simultaneous esti-
mation of multiple level sets, support set estimation, and discontinuity in the
density around the level of interest. Concluding remarks are given in Section
and Section [6] contains the proofs.

2 Density assumptions

We assume that the domain of the density f is the unit hypercube in d-
dimensions, i.e. X = [0,1]¢. Extensions to other compact domains are straight-
forward. Furthermore, the density is assumed to be bounded with range [0, fmax],
though knowledge of fiax is not assumed. Controlling the Hausdorff accuracy
of level set estimates requires some smoothness assumptions on the density and
the level set boundary, which are stated below. But before that we introduce
some definitions:

e c-Ball: An e-ball centered at a point x € X is defined as
Bz, e) ={y e X:||lz —yl| <€}
Here || - || denotes the Euclidean distance.

e Inner e-cover: An inner e-cover of a set G C X is defined as the union
of all e-balls contained in GG. Formally,

.G = |J B

z:B(z,e)CG

We are now ready to state the assumptions. The most crucial one is the first,
which characterizes the relationship between distances and changes in density,
and the second one is a topological assumption on the level set boundary that
essentially generalizes the notion of Lipschitz functions to closed hypersurfaces.

[A] Local density regularity: The density is a-regular around the 7-level set,
0<a<ooand 0 <7y < fmax, if



[A1] there exist constants C1,d; > 0 such that for all z € X with |f(z) —
vl < du,
(&)~ = Cuple, 9G2)°,
where 0G7, denotes the boundary of the true level set G and p(, -)
is as defined in (3]).

[A2] there exist constants C2,02 > 0 and a point z¢ € JG% such that for
all x € B(xo, 52),

F(&) =1 < Caple, 0G5

This condition characterizes the behavior of the density around the level ~.
[A1] states that the density cannot be arbitrarily “flat” around the level,
and in fact the deviation of the density from level v is at least the a-th
power of the distance from the level set boundary. [A2] states that there
exists a fixed neighborhood around some point on the boundary where the
density changes no faster than the a-th power of the distance from the
level set boundary. The latter condition is only required for adaptivity, as
we discuss later. The regularity parameter o determines the rate of error
convergence for level set estimation. Accurate estimation is more difficult
at levels where the density is relatively flat (large «), as intuition would
suggest. It is important to point out that we do not assume knowledge of
« unlike previous investigations into Hausdorff accurate level set estima-
tion [I3] 14, 19, 20]. Therefore, here the assumption simply states that
there is a relationship between distance and density level, but the precise
nature of the relationship is unknown. We discuss extensions to address
support set estimation (y = 0) in Subsection@3]and the case &« = 0 (which
corresponds to a jump in the density at level ) in Subsection 4]

[B] Level set regularity: There exist constants €, > 0 and C3 > 0 such that
for all € < ¢,, Z(G%) # 0 and p(z,Z.(G%)) < Cse for all z € 9G?,.

This assumption states that the level set is not arbitrarily narrow any-
where. It precludes features like cusps and arbitrarily thin ribbons, as
well as isolated connected components of arbitrarily small size. This con-
dition is necessary since arbitrarily small features cannot be detected and
resolved from a finite sample. However, from a practical perspective, if
the assumption fails to hold then it simply means that it is not possible
to theoretically guarantee that such small features will be recovered.

For a fixed set of positive numbers C7, Cs, Cs3, €g, 01, 02, fmax, ¥ < fmax, d
and «, we consider the following classes of densities:

Definition 1. Let Fi(a) denote the class of densities satisfying assumptions
[A1,B].

Definition 2. Let F5(a) denote the class of densities satisfying assumptions
[A1,A2,B].



The dependence on other parameters is omitted as these do not influence
the minimax optimal rate of convergence (except the dimension d). We present
a method that provides minimax optimal rates of convergence for the class
Fi(a), given knowledge of the density regularity parameter a. We also extend
the method to achieve adaptivity to « for the class F3 («), while preserving the
minimax optimal performance.

Assumption [A] is similar to the one employed in [14] [19], except that the
upper bound assumption on the density deviation in [14] [T9] holds provided that
the set {x : | f(z) —| < 1} is non-empty. This implies that the densities either
jump across the level v at any point on the level set boundary (that is, the
deviation is greater than 6;) or change exactly as the o' power of the distance
from the boundary. Our formulation allows for densities with regularities that
vary spatially along the level set boundary - it requires that the density changes
no slower than the a!” power of the distance from the boundary, except in a fixed
neighborhood of one point where the density changes exactly as the o' power
of the distance from the boundary. While the formulation in [I4] [19] requires
the upper bound on the density deviation to hold for at least one point on the
boundary, our assumption [A2] requires the upper bound to hold for a fixed
neighborhood about at least one point on the boundary. This is necessary for
adaptivity since a procedure cannot sense the regularity as characterized by a if
the regularity only holds in an arbitrarily small region. Assumption [B] basically
implies that the boundary looks locally like a Lipschitz function and allows for
level sets with multiple connected components and arbitrary locations. Thus,
these restrictions are quite mild and less restrictive than those considered in the
previous literature on Hausdorff level set estimation. In fact [B] is satisfied by
a Lipschitz boundary fragment or star-shaped set as considered in [13] [14] [19]
as the following lemma states.

Lemma 1. Consider the 7y level set G of a density f € Fsr(a), where Fsr(a)
denotes the class of a-regular densities with Lipschitz star-shaped level sets as
defined in [1]]. Then G7 satisfies the level set regularity assumption [B].

The proof is given in Section Thus, the classes under consideration
here are more general, except for the exclusion of densities for which the upper
bound on the local density regularity assumption [A2] only holds in a region of
arbitrarily small Lebesgue measure.

Tsybakov establishes a minimax lower bound of (n/logn)~'/(¢+2%) in The-
orem 4 of [I4] for the class of star-shaped sets with Lipschitz boundaries, which
as per Lemma [ also satisfy assumption [B]. His proof uses Fano’s lemma to
derive the lower bound for a discrete subset of densities from this class. It is easy
to see that the discrete subset of densities used in his construction also satisfy
our form of assumption [A]. Hence, the same minimax lower bound holds for
the classes F; (a), F5 («) under consideration as well and we have the following
proposition. Proof of the proposition is given in Section Here E denotes
expectation with respect to the random data sample.



Proposition 1. There exists ¢ > 0 such that, for large enough n,

1
n T dt2a
inf sup E[de(Gpn,GL)] > inf sup Elde(Gn,GL)] > c( ) .
Gn feF;(a) 77T G reF(a) ’ logn

The inf is taken over all set estimators G,, based on the n observations.

3 Motivating an Error Measure for Hausdorff
control

Direct Hausdorff accurate set estimation is challenging as there exists no nat-
ural empirical measure that can be used to gauge the Hausdorff error of a set
estimate. In this section, we investigate how Hausdorff control can be obtained
indirectly using an alternate error measure that is based on density deviation
error rather than distance deviation. While the first alternate error measure
we introduce is easily motivated and arises naturally, it requires the density to
have some smoothness everywhere, whereas only local smoothness in the vicin-
ity of the level set is required for accurate level set estimation. Based on these
insights, we propose our final alternate measure. If we focus on candidate set
estimates based on a regular histogram, minimizing this final alternate error
measure leads to a simple plug-in level set estimator that is the focus of this
paper. However, we introduce the general error measure since it offers the po-
tential to extend the proposed technique to more general estimators based on
spatially adapted partitions or kernel based methods.

The density regularity condition [A] suggests that control over the deviation
of any point in the estimate from the true level set boundary p(z,dG?) can
be obtained by controlling the deviation from the desired density level. In
other words, a change in density level reflects change in distance. Moreover,
in order to obtain a sense of distance from an estimate of density variation
based on a small sample, the level set boundary cannot vary too irregularly.
Specifically, the boundary should not have arbitrarily small features (e.g., cusps)
that cannot be reliably detected from a small sample. Such features are ruled-
out by assumption [B]. Thus, under regularity conditions on the function and
level set boundary, the deviation of the density function from the desired level
can be used as a surrogate for the Hausdorff error. Consider the following error
measure:

£(G) = max{ ESéIy\ G(f (x) =), esg\pG*(v — f(z))} (4)
= jgg(w — f(@)[1zec — 1aga] (5)

where 1 denotes the indicator function and by convention sup,c4 g(z) = 0 for
any non-negative function g(-). The error measure £(G) has a natural empirical
counterpart, £(G), obtained by simply replacing f(z) by a density estimator



f(x) Notice that the set G minimizing the empirical error corresponds to a
plug-in level set estimator, that is G = {z : f(z) > v} [. Also

~

E(G)=max{ sup (f(z)—7), sup (y—f@)}< sup |f(z)— f(x)|
2€GI\G 2€G\G*, 2€GAG?,

The last step follows since a point x € CA?AGTY is erroneously included or excluded
from the level set estimate, and hence for z € G\ G%, v — f(z) < |f(z) — f(=)]
and for z € G\ G, f(x) —v < |f(z) — f(z)|. Using this error measure, we have
the following Hausdorff control.

~

Proposition 2. If the sup norm error between f(x) and the true density f(x)
converges in probability to zero and G denotes the corresponding plug-in level set
estimate, then under assumptions [A] and [B], there exists a constant C' > 0
such that for large enough n, with high probability

1/«
dw(G,GE) < CEGVY < | swp |f(w) - fl2)
mGGAG:
R 1/«
< c(sup|f<w>—f<w>|) .
reX

The proof is given in Section [6.3] This result shows that the sup-norm error
of a density estimate gives an upper bound on the Hausdorff error of a plug-in
level set estimate, which agrees with Cuevas’ result [20] for & = 1. However,
arbitrarily rough and complicated behavior of the density away from the level
of interest can cause a large sup-norm density error, whereas the Hausdorff
accuracy of a level set estimate should only depends on the accuracy of the den-
sity estimate around the level of interest. Therefore, we follow Vapnik’s maxim:
When solving a given problem, try to avoid solving a more general problem as an
intermediate step [29], and instead of solving the harder intermediate problem
of sup-norm density estimation (which requires some smoothness of the density
at all points), we approach the set estimation problem directly.

We now consider a modified version of the error measure introduced above.
Let IT denote a partition of [0,1]¢ and let G be any set defined in terms of this
partition (i.e., the union of any collection of cells of the partition). We will
consider a hierarchy of partitions with increasing complexity and the sets G,
defined in terms of the partitions, form candidate representations of the ~ level
set of the density f. The partition could, for example, correspond to a decision
tree or regular histogram. Define the error of G as

(@) = sup (v F(A)[Lace — Lgel
A€TI(G)

1 Actually the set G is not unique since the points z with f(:c) = v may or may not be
included in the estimate.
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Here TI(G) denotes the partition associated with set G' and f(A)=P(A)/u(A)
denotes average of the density function on the cell A, where P is the unknown
probability measure and p is the Lebesgue measure. Note the analogy between
this error and that defined in ({@l). We would like to point out that even though
this error depends on the class of candidate sets being considered, it can be
used to establish control over the Hausdorff error which is independent of the
candidate class. This performance measure evaluates a set based on the maxi-
mum deviation of the average density in a cell of the partition from the v level.
Note that (y — f(4)) [Lace — lAgG] > 0 whenever a cell with average density

f(A) < « is included in the set G or a cell with f(A) > « is excluded. A
natural empirical error, £(G), is obtained by replacing f(A) with its empirical
counterpart.

£,(G) = e (7 = f(A)) [Lace — 1agq]

Here f(A) = 1:((2)), where P(A) = LS 1{x,eay denotes the empirical prob-
ability of an observation occurring in A. Among all sets that are based on the
same partition, the one minimizing the empirical error £, is a natural candidate:

Gn, = arg G:HI(nC})n:HD & (G) (6)

~

This rule selects the set that includes all cells with empirical density f(A4) >«

o~

and excludes all cells with f(A4) < =, hence it is essentially a plug-in level set
estimator. We focus on sets based on a uniform histogram partition and estab-
lish that minimizing the empirical error &,(G), along with appropriate choice
of the histogram resolution, is sufficient for Hausdorff control. The appropriate
histogram resolution depends only on the local regularity of the density around
the level of interest. Furthermore, we show that the histogram resolution can
be chosen adaptively in a purely data-driven way without assuming knowledge
of the local density regularity. The performance of the regular histogram-based
level set estimator is shown to be minimax optimal for the class of densities
Fi(a) (assuming knowledge of the local density regularity parameter «) and
F3 () (using an adaptive procedure, to be defined later).

Remark 1: In practice, estimators based on spatially adapted partitions can
provide better performance since they can adapt to the spatial variations in
density regularity to yield better estimate of the boundary where the density
changes sharply, though the overall Hausdorff error is dominated by the accuracy
achievable in estimating the boundary where the density changes slowly. Thus,
it is of interest to develop spatially adapted estimators. While, in the context of
histogram based set estimators, only an appropriate choice of the resolution is
needed, spatially adapted estimators require a more sophisticated procedure for
selecting the appropriate partition. We do not address this aspect here, however
the set up described above can serve as a useful starting point.

11



4 Hausdorff accurate Level Set Estimation using
Histograms

Let A; denote the collection of cells in a regular partition of [0, 1]¢ into hyper-
cubes of dyadic sidelength 277, where j is a non-negative integer. The level set
estimate at this resolution is given as

Gi= U 4 (7)
A€A;:f(A)>y
Here f(A) = P(A)/u(A), where P(A) = LS 1 1{x,eay denotes the empirical
probability of an observation occurring in A and u is the Lebesgue measure.
The appropriate resolution for accurate level set estimation depends on the
local density regularity, as characterized by «, near the level of interest. If
the density varies sharply (small «) near the level of interest, then accurate
estimation is easier and a fine resolution suffices. Identifying the level set is
more difficult if the density is very flat (large ) and hence a lower resolution
(more averaging) is required. Our first result shows that, if the local density
regularity parameter « is known, then the correct resolution j can be chosen (as
in [14[19]), and the corresponding estimator achieves near minimax optimal rate
over the class of densities given by F; («). Notice that even though the proposed
method is a plug-in level set estimator based on a histogram density estimate,
the histogram resolution is chosen to specifically target the level set problem and
is not optimized for density estimation. Thus, we do not require that the density
exhibits some smoothness everywhere. We introduce the notation a, < b, to
denote that a,, = O(b,,) and b, = O(ay,).

Theorem 1. Assume that the local density regularity o is known. Pick res-
olution j = j(n) such that 277 <s,(n/logn)” @2 where s, is a monotone
diverging sequence. Then

Eld (G, oY < Csn =)
sup o0 K . S Sn (—>
feFi(a) e logn

for all n, where C = C(C1,Cs, €0, fmax,01,d, &) > 0 is a constant.

The proof is given in Section [6.4] and relies on two key facts. First, the density
regularity assumption [A1] implies that the distance of any point in the level set
estimate is controlled by its deviation from the level of interest . This implies
that, with high probability, only the cells near the boundary are erroneously
included or excluded in the level set estimate. Second, the level set boundary
does not have very narrow features that cannot be detected by a finite sample
and is locally Lipschitz as per assumption [B]. Using these facts, it follows that
the Hausdorff error scales as the histogram sidelength.

Theorem [ provides an upper bound on the Hausdorff error of our estimate.
If s, is slowly diverging, for example if s, = (logn)¢ where e > 0, this up-
per bound agrees with the minimax lower bound of Proposition [ up to a
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(logn)¢ factor. Hence the proposed estimator can achieve near minimax op-
timal rates, given knowledge of the density regularity. We would like to point
out that if the parameter ¢; characterizing assumption [A] and the density
bound fi,.x are also known, then the appropriate resolution can be chosen as
j = |log, (¢7}(n/logn)'/(4+29)) | where the constant ¢ = c(J1, fmax). With
this choice, the optimal sidelength scales as 277 = (n/logn)~*/(?+2®) "and the
estimator (A?j exactly achieves the minimax optimal rate.

Remark 2: A dyadic sidelength is not necessary for Theorem [ to hold, how-
ever the adaptive procedure described next is based on a search over dyadic
resolutions. Thus, to present a unified analysis, we consider a dyadic sidelength
here too.

4.1 Adaptivity to unknown density regularity

In this section we present a procedure that automatically selects the appropriate
resolution in a purely data-driven way without assuming prior knowledge of a.
The proposed procedure is a complexity regularization approach that is remi-
niscent of Lepski-type methods for function estimation [2I], which are spatially
adaptive bandwidth selectors. In Lepski methods, the appropriate bandwidth
at a point is determined as the largest bandwidth for which the estimate does
not deviate significantly from estimates generated at finer resolutions. Our pro-
cedure is similar in spirit, however it is tailored specifically for the level set
problem and hence the chosen resolution at any point depends only on the local
regularity of the density around the level of interest.

The histogram resolution search is focused on regular partitions of dyadic
sidelength 277, j € {0,1,...,J}. The choice of J will be specified below. Since
the selected resolution needs to be adapted to the local regularity of the density
around the level of interest, we introduce the following vernier:

= mi — f(A)).
Vi Ig%A,g‘a%Alv f(AY)]

Here f(A) = P(A)/u(A), j' = |j + logy s, ], where s, is a slowly diverging
monotone sequence, for example logn, loglogn, etc., and A; N A denotes the
collection of subcells with sidelength 277" € [277 /s, 27911 /s,) within the cell
A. Observe that the vernier value is determined by a cell A € A; that intersects
the boundary dG7. By evaluating the deviation in average density from level
within subcells of A, the vernier indicates whether or not the density in cell A is
uniformly close to . Thus, the vernier is sensitive to the local density regularity
in the vicinity of the desired level and leads to selection of the appropriate
resolution adapted to the unknown density regularity parameter «, as we will
show in Theorem

Since V,,; requires knowledge of the unknown probability measure, we must
work with the empirical version, defined analogously as:

S5 o
Vi ﬁ%A,g}g’(ﬁAh fAD)].

13



The empirical vernier lA)% j is balanced by a penalty term:

- log(27'(4+1)16/6) ~ log(27'(d+1)16/6)
V= Aneli); \/8 nu(A) max | f(4).8 nu(A)

where 0 < 6 < 1 is a confidence parameter, and u(A) = 2779, Notice that
the penalty is computable from the given observations. The precise form of
¥ is chosen to bound the deviation of true and empirical vernier with high
probability (refer to Corollary Bl for a formal proof). The final level set estimate
is given by

G = G} (8)
where R R
j = arg min {V'm' + \Ilj/} 9)

Observe that the value of the vernier decreases with increasing resolution as
better approximations to the true level are available. On the other hand, the
penalty is designed to increase with resolution to penalize high complexity esti-
mates that might overfit the given sample of data. Thus, the above procedure
chooses the appropriate resolution automatically by balancing these two terms.
The following theorem characterizes the performance of the proposed complexity
penalized procedure.

Theorem 2. Pick J =J(n) such that 2=/ < s,(n/logn)~ 4, where s, is a
monotone diverging sequence. Let j denote the resolution chosen by the com-

plexity penalized method as given by (3), and G denote the final estimate of ({8).
Then with probability at least 1 — 2/n, for all densities in the class Fi(a),

1 1
d T df2a ~ d T df2a
—d_ [ n = 4/ n
cisn | —— <277 <caspsy | ——
logn

for n large enough (so that s, > ¢(Cs, €,,d)), where c1,ca > 0 are constants. In
addition,

~ T df2a
sup Eldoo(@,G2)] < Cs2 < r )
FeFz(a) logn

for all n, where C = C(Ch,Ca,Cs, €0, fmax; 01,02,d, ) > 0 is a constant.

The proof is given in Section Observe that the maximum resolution 27/ <
s, 1(n/log n)é can be easily chosen, based only on n, and allows the optimal
resolution for any « to lie in the search space. By appropriate choice of s, for
example s, = (logn)*/? with ¢ a small number > 0, the bound of Theorem
matches the minimax lower bound of Proposition [T} except for an additional
(logn)¢ factor. Hence our method adaptively achieves near minimax optimal
rates of convergence for the class Fj ().

Remark 3: To prove the results of Theorems[Iland[2] we do not need to assume
an exact form for s,, except that it is a monotone diverging sequence. However,
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sn needs to be slowly diverging for the derived rates to be near minimax opti-
mal.

Remark 4: It should be noted that there is a price of adaptivity. To obtain a
rate that is very close to the minimax optimal rate, we desire s,, to increase very
slowly with n. However, the slower s, grows, the more the number of samples
required to meet the condition s, > ¢(Cs, €, d) and obtain a useful (non-trivial)
bound.

Remark 5: We would like to point out that even though we state the conver-
gence results in expectation, the proofs also establish high probability confidence
bounds.

4.2 Multiple level set estimation

The proposed framework can easily be extended to simultaneous estimation of
level sets at multiple levels I' = {v,}X |, (K < 00). Assuming the density
regularity condition [A] holds with parameter ay, for the 7; level, we have the
following corollary that is a direct consequence of Theorem

Corollary 1. Pick J = J(n) such that 277 < s,(n/logn)~"/?, where s, is a
monotone diverging sequence. Let G, denote the estimate generated using the
complexity penalized procedure of (8) for level . Then

~ , n —1/(d+2 maxy, ay)
* <
12}%)(1( feig?ak)E[dOO(G%,Gw)] = o (10gn)

for all n, here C = C(Cy,Cy,Cs, €0, fmax, 01,02, d, {ax } ) > 0.

Notice that, while the estimate CAv'% at each level is adaptive to the local density
regularity as determined by ay, the overall convergence rate is determined by
the level where the density is most flat (largest ay).

Another issue that comes up in multiple level set estimation is nestedness.
If the density levels of interest I' are sorted, 71 < v < ... < g, then the
true level sets will be nested Gf‘u D GTY2 D...D GTYK. However, the estimates

{@W HE | may not be nested as the resolution at each level is determined by the
local density regularity («y). For some applications, for example hierarchical
clustering, nested estimates may be desirable. We can enforce this by choosing
the same resolution, corresponding to the largest «y, at all levels. Since the
largest «v, corresponds to smallest vernier V., ; (see Lemma [0]), nested level set
estimates can be generated by selecting the resolution according to

J = arg min min Y i+ Wb
J g0<j<J{1§k§K VieoJ J

This does not change the rate of convergence, however if the density is flat at
one level of interest, this forces large Hausdorff error at all levels, even if the
density at those levels is well-behaved (varies sharply near the level of interest).
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4.3 Support set estimation

In the earlier analysis, we assumed that the level of interest v > 0. The case
v = 0 corresponds to estimating the support set of the density function, which
is defined as
G = {z: f(z) > 0}.

In the context of symmetric difference error, it is known [30} 14} [31] that support
set estimation is easier than level set estimation (except for the case « = 0 when
the density exhibits a discontinuity around the level of interest). We show that
the same holds for Hausdorff error and the minimax rate of convergence is given
as (n/logn)~1/(@+®) which is faster than the rate of (n/logn) =/ (@29 for level
set estimation. For support set estimation the density regularity assumption [A]
holds only for points lying in the support of the density, that is [A1, A2] hold
only for x € Gj.

First, we establish the minimax lower bound. We actually establish the
bound for the class of densities Fpr(a, () that satisfy the local density regular-
ity [A1, A2] for all x € G and whose support sets G are Holder-¢ boundary
fragments. The case ( = 1 corresponds to the class of Lipschitz boundary frag-
ments which satisfy assumption [B] (this can be shown along the lines of the
proof of Lemma [I]). Thus, Fpr(a,1) is a subclass of the classes Fj (), Fy ()
under consideration, and hence a lower bound for Fgr(c, 1) yields a correspond-
ing lower bound for these classes.

Proposition 3. There exists ¢ > 0 such that

_ <
n ) d—1+C(a+1)

inf  sup E[deo(Gn,G)] > ¢ <10gn

Gn feFpr(a)

for n large enough. This implies that

n d+a

inf sup Eldoo(Gp,G§)] > inf sup Elde(Gn, Gj)] > c( )
Gn feFi(a) 7T G persa) ’ logn

for n large enough. The inf is taken over all possible set estimators G, based

on the n observations.

The proof is given in Section and requires a construction similar to the
minimax lower bound derived in [I4] for level set estimation.

Next, we establish that with knowledge of the local density regularity, the
following histogram based plug-in level set estimator

Goj= |J 4 (10)
A€A;:f(A)>0

achieves this minimax lower bound of Proposition [3] for support set estimation
using an appropriate choice of the histogram resolution. This requires a mod-
ified theoretical analysis using the Craig-Bernstein inequality [32] rather than
the relative VC inequalities used in the proofs of Theorems [Il [ for level set
estimation. The proof is sketched in Section [6.7)
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Theorem 3. Assume that the local density reqularity o is known. Pick the res-
. 1

olution j such that 277 < s,(n/logn)” @+ | where s, is a monotone diverging

sequence. Then

Eldu (Go.;, G3)] < C ( n )ma
sup 0o (Go,5,Gp) < Csy
feFi (@) e logn

for all n, where C = C(C1,Cs, €0, fmax, 01,d, ) > 0 is a constant.

Achieving adaptivity for support set estimation requires modification of the
vernier procedure. This is because to judge the local density regularity near
the level of interest, the adaptivity procedure needs to focus on the cells that
are close to the boundary. The vernier can achieve this for level v > 0 under
assumption [A] which implies that the density has no flat parts near the level of
interest. However, for support set estimation, the density is flat (zero) outside
the support set. Hence, observe that the vernier output is not determined
by a cell intersecting the boundary and it fails to focus on the cells that are
close to the boundary. One direction to rectify this is to force the vernier to
investigate only those subcells which have a certain positive average density.
However, if the support set boundary is too close to the cell boundary this can
still cause the vernier to yield a small value even when the cell is large. To avoid
such alignment artifacts, the vernier can be defined in terms of multiple shifted
regular partitions, but we do not pursue this further.

4.4 Addressing jumps in the density at the level of interest

The case a = 0 implies that the density jumps across the level of interest
at all points around the level set boundary. In the non-adaptive setting, the
histogram-based plug-in level set estimator of (@) achieves the minimax Haus-
dorff performance. To see this, the theoretical analysis needs to be modified a
bit and is discussed in Section The adaptive estimator can also be extended
to handle the complete range 0 < o < oo by a slight modification of the vernier.
Notice that the current form of the vernier may fail to select an appropriate
resolution in the jump case; for example, if the density is piecewise constant
on either side of the jump, the vernier output is the same irrespective of the
resolution. A slight modification of the vernier as follows

C—9-3'/2 i — f(A
Vy.j min o, Iy — f(A)],

makes the vernier sensitive to the resolution even for the jump case, and biases
a vernier minimizer towards finer resolutions. A fine resolution is needed for the
jump case to approximate the density well (notice that a fine resolution implies
less averaging, however the resulting instability in the estimate can be tolerated
as there is a jump in the density). While it is clear why the modification
is needed, the exact form of the modifying factor 2739'/2 arises from technical
considerations and is somewhat non-intuitive. Hence, we omitted the jump case
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in our earlier analysis to keep the presentation simple. Since the penalty is
designed to control the deviation of empirical and true vernier, it also needs to
be scaled accordingly:

o log(27'(d+1)16/6) ~ log(27'(d+1)16/6)
T =277/2 A
I f{lelibl); \/8 nu(A) max | £(4),8 nu(A)

This ensures that balancing the vernier and penalty leads to the appropriate
resolution for the whole range of the regularity parameter, 0 < a < co. A proof
sketch is given in Section [6.8

5 Concluding Remarks

In this paper, we developed a Hausdorff accurate level set estimation method
that is adaptive to unknown density regularity and achieves nearly minimax
optimal rates of error convergence over a more general class of level sets than
considered in previous literature. The vernier provides the key to achieve adap-
tivity while requiring only local regularity of the density in the vicinity of the
desired level. The complexity regularization approach based on the vernier is
similar in spirit to so-called Lepski methods (for example, [21]) for function esti-
mation which are spatially adaptive bandwidth selectors, but the vernier focuses
on cells close to the desired level and thus is optimally designed for the level
set problem. However, Lepski methods involve sequential testing, whereas our
procedure needs the vernier to be evaluated at all resolutions to determine the
appropriate resolution. It is of interest to develop a sequential procedure based
on the vernier that will only require local density regularity, but will be faster
to implement.

We also discussed extensions of the proposed estimator to address simultane-
ous multiple level set estimation, support set estimation and discontinuity in the
density around the level of interest. We provided some pointers to address adap-
tivity for support set estimation, however we have not solved this completely
yet. While we consider level sets with locally Lipschitz boundaries, extensions
to additional boundary smoothness (for example, Holder regularity > 1) may
be possible in the proposed framework using techniques such as wedgelets [33]
or curvelets [34]. The earlier work on Hausdorff accurate level set estimation
[13, 14], 19] does address higher smoothness of the boundary, but that follows as
a straightforward consequence of assuming a functional form for the boundary.
Also, we only addressed the density level set problem, extensions to general
regression level set estimation should be possible using a similar approach.

Finally, we discuss and motivate estimators based on spatially adapted par-
titions that can offer improved performance in practice under spatial variations
in the density regularity. It is well known that spatially adaptive partitions
such as recursive dyadic partitions (RDPs) [22] 23] 24 [25] may provide sig-
nificant improvements over non-adaptive partitions like histograms for many
set learning problems involving a weighted symmetric difference error measure,
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including classification [25], minimum volume set estimation [4] and level set
estimation [9]. In fact, for many function classes, estimators based on adap-
tive, non-uniform partitions can achieve minimax optimal rates that cannot
be achieved by estimators based on non-adaptive partitions. However, the re-
sults of this paper establish that this is not the case for the Hausdorff metric.
This is a consequence of the fact that symmetric difference based errors are
global, whereas the Hausdorff error is sensitive to local errors and depends on
the worst case error at any point. Having non-uniform cells adapted to the
regularity along the boundary can lead to faster convergence rates under global
measures, whereas the Hausdorff error being dominated by the worst case er-
ror is not expected to benefit from adaptivity of the partition. While spatially
adaptive, non-uniform partitions do not provide an improvement in convergence
rates under the Hausdorff error metric, if the density regularity varies smoothly
along the level set boundary or if the connected components of a level set have
different density regularities, non-uniform partitions are capable of adapting to
the local smoothness around each component and this may generate better esti-
mates in practice. This might be possible by developing a tree-based approach
based on the vernier or a modified Lepski method, and is the subject of current
research.

6 Proofs

6.1 Proof of Lemma 1]

We proceed by recalling the definition of Fgr(«) as defined in [T4]. The class
corresponds to densities bounded above by fmax, satisfying a slightly modified
form of the local density regularity assumption [A]:

[A”] Local density reqularity: The density is a-regular around the 7-level set,
0 <a<ooandy < fmax, if there exist constants Co > C7; > 0 and 61 > 0
such that

Cuplw, 0G2) < |f(x) = 7] < Caplar, DG)°

for all z € X with |f(z) — | < 61, where OG? is the boundary of the true
level set G, and the set {x : [f(x) — 7| < 61} is non-empty.

and the densities have v level sets of the form
* . d—2
GS ={(r,¢); ¢ € [0,m)7 x[0,2m),0 <r < g() < R},

where (r, ¢) denote the polar/hyperspherical coordinates and R > 0 is a con-
stant. g is a periodic Lipschitz function that satisfies g(¢p) > h, where h > 0 is
a constant, and

|g(¢) _g(e)| S L||d)_ 0||17 Vd)ae € [Ovﬂ-)d_2 X [0727T)

Here L > 0 is the Lipschitz constant, and || - ||; denotes the ¢; norm.
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We set R = 1/2 in the definition of the star-shaped set so that the domain
is a subset of [~1/2,1/2]%. With this domain, we now show that the level set
G of a density f € Fgsr(a) satisfies [B]. The same result holds for star-shaped
sets defined on the shifted domain [0, 1]%.

We first present a sketch of the main ideas, and then provide a detailed
proof. Consider the y-level set G of a density f € Fsr(a). To see that it
satisfies [B], divide the star-shaped set G into sectors of width < e so that
each sector contains at least one e-ball and the inner cover Z.(G%) touches the
boundary at some point(s) in each sector. Now one can argue that, in each
sector, all other points on the boundary are O(e) from the inner cover since the
boundary is Lipschitz. Since this is true for each sector, we have Vz € 9G?,
p(x,Zc(G%)) = O(e). Hence, the result follows. We now present the proof in
detail.

To see that G satisfies [B], fix ¢, < h/3. Then for all € < ¢,, B(0,¢) C G
(since g(¢) > h > ¢,), and hence Z(G%) # 0. We also need to show that
3C3 > 0 such that for all x € 9G, p(z,Z(G)) < Cse. For this, divide G into

M1 sectors indexed by m = (my,ma,...,mg_1) € {1,..., M}3}
2w (mg—1 — 1) 2TMa—_1
S :{ \ 0<r< L <y Zrta—l

m (r,9) <r<g(e) i < a1 < Vi

F(mi—l) T .
T~ 1) o, < T :1,...,d—2},
M S%< g 7

where ¢ = (¢15 ¢27 Tt (bdfl)' Let

2 sin o

This choice of M implies that:

(1) There exists an e-ball within Sy, N B(0, ) for every m € {1,..., M}4-1
and hence within each sector Syn. This follows because the minimum
angular width of a sector with radius h required to fit an e-ball within is

€ ™

< —.
h—e, = M

- € .
2sin 1—§2sm !
h—e¢

(ii) The angular-width of the sectors scales as O(e).

T T 1 < 3sin! €
R = Sin
i 1 1
M 2sin—1 h:eo -1 2sin—1 ﬁ T h — €o
€ 9
< 6 < —¢
h— ¢, h

The second inequality follows since

1
; S 6 si —1 €
S h—e

o
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since ﬁ < hi"e < % by choice of €, < h/3. The third inequality is true
since sinfl(z 2) < z for 0 < z < /2. The last step follows by choice of

€0 < h/3.

Now from (i) above, each sector contains at least one e-ball. Consider any
m € {1,..., M}%1. We claim that there exists a point zm € dG% N Sm,
zm = (9(0),0) for some 6 € [0,m)%2 x [0,27), such that p(zm,Z(G)) =
0. Suppose not. Then one can slide the e-ball within the sector towards the
periphery and never touch the boundary, implying that the set G is unbounded.
This is a contradiction by the definition of the class Fsr (). So now we have,

Yy € 0G% N Sm, y = (9(9), )
p(y,Z(GY)) < p(y,2m) = |ly — 2m|

Now recall that if y = (y1,...,94) = (r,01,...,04-1) = (9(¢), @), then the
relation between the Cartesian and hypershperical coordinates is given as:

Y1 = TCos@i
Yo = 71Sin @1 cos po
Y3 7 8in ¢1 Sin ¢o oS 3

Yd—1 = 7Tsing;...singg_ocospi_1
Yq = rsing;...sin@g_ssinpg_1
Now since ||y —z|| = Ele (y; — )%, using the above transformation and simple

algebra, we can show that:

ly —2ml® = ll(9(¢), &) — (9(0),0)]]?
d—1
= (g(9) — 9(8))* +4g(¢)g(0) ZSiD¢1 ...sing;_1sinf ...
i=1

...sin 91'71 Sin2 ¢T

1 g,
< (9(¢) — 9(6))* +4g()g(6) Z sin? ~——

Using this, we have Vy € 0G% N Sm

d—1

P T(G3)) < | (9(8) ~ 9(8))* +4g(8)g(6) Y sin® #
S
< J9() = 9(O) +2/9(@)g(6) Y _ | sin———
=1
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d—1
|pi — 0]
< Do ol + 3 P
d—1
= (L+1/2)) | — 64
i=1
™
< (L+1/2)d—
< (@+1/2i
< 79d(L+1/2)632036

h

where the third step follows by using the Lipschitz condition on g(-), g(-) < R =
1/2 and since |sin(z)| < |z|. The fifth step follows since z,y € Sm and hence
|p; —0;| <w/Mfori=1,...,d—2and |¢p4—1 — 04-1] < 2w/M. The sixth step
invokes (ii) above.

Therefore, we have for all y € 0GZ N Sm p(y,Z(G%)) < Cze. And since the
result is true for any sector, condition [B] is satisfied by any level set G2, with
density f € Fsr(a).

6.2 Proof of Proposition [II

Notice that since Fy(a) C Fy (), we have

inf sup E[doo(@n,Gf‘y)] >inf sup Eldoo (G, G2)]
Gn feEF](a) Gn feEF;(a)

Therefore, it suffices to establish a lower bound for the class of densities given
by F3(a).

We consider the class of densities Fgr, () with star-shaped levels sets having
Lipschitz boundaries, as defined in [I4]. Lemma [ establishes that all densities
in Fgr(a) satisfy assumption [B]. Further, since the discrete set of densities
FB (o) € Fsr(a) used to derive the lower bound using Fano’s lemma in [14],
satisfy the local density regularity as stated in assumption [A] B, we have

inf sup Eldeo(Gn,G3)] > i

in
Gn fEF; (@) G feFP, ()

f u Eld é G i d+12°‘
)\ >
sup [ oo( n 7)] _C<1 ) )

for n large enough. The last step follows from proof of Theorem 4 in [14].

2All densities in Fsr,(a) satisfy a weaker former of assumption [A] that only requires
density regularity to hold at (at least) one point along the boundary. However, for the discrete
set of densities considered in the construction of the lower bound, density regularity holds in
an open neighborhood around at least one point of the boundary, and hence these satisfy
assumption [A].

22



6.3 Proof of Proposition

Observe that assumption [B] implies that G is not empty since G7, 2 Z.(G%) #
0 for € < e,. Hence for large enough n, with high probability, the plug-in level
set estimate G is also non-empty since the sup norm error between f(z) and
f(z) converges in probability to zero. Now recall that for non-empty sets

doo(éa G'*y) = max{ sup p(Ia é)v sup p(Ia G'*y)}
z€GE zeG

We now derive upper bounds on the two terms that control the Hausdorff error.
First, observe that if GAGZ # 0, then for all points x € GAG? (that is,
points that are incorrectly included or excluded from the level set estimate),

~

|f(z) —~| < |f(z) — f(x)] and hence regularity condition [A1] holds at = since

the sup norm error between f(z) and f(z) converges in probability to zero and
hence for large enough n, with high probability, | f(z) — f(z)| < 1. So we have:

) — 1/« i\ e
sup  p(z,0G%) < sup <M) < <%Cj)> =: €. (11)

z€GAGY z€GAG: G1

The last inequality follows since Yz € éAG:, |f(z) —~] < E(G). Also, notice
that we define € equal to this upper bound. This result implies that all points
whose distance to the boundary OG is greater than e cannot lie in GAGY
and hence are correctly included or excluded from the level set estimate. Let
Toe = IQE(G:;). This implies that all points within 75, that are greater than e

away from the boundary lie in Gn Gi*y since they lie in Zo, C Gi‘y. Hence,

sup p(z,GN G}) <e (12)
€l

Using Egs. (I0)) and ([I2)), we now bound the two terms of the Hausdorff error.
To bound the second term of the Hausdorff error, consider two cases:

(i) If G\ G =0, then G C G. Hence

sup p(z,G7) = 0.
zed

(i) If G \ G3 # 0, then CAv'AGfY # (. Hence using (IIJ), we get:

sup p(z,G%) = sup p(z,G)) = sup p(z,0G%)
zeG z€G\G?, z€G\G?,
e
< sup p(w,602)§< ( )> .
2€GAGH, G
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Therefore, for either case

~\ l/a
sup p(z,GY) < <EéG)> . (13)

re

1

To bound the first term of the Hausdorff error, again consider two cases:

(i) G5\ G =0, then G C G. Hence

sup p(x,é) =0.
z€GY

(ii) If G\ G # 0, then we proceed by recalling assumption [B] which states
that the boundary points of G are not too far from the inner cover and

using (IZ) to control the distance of the inner cover from G.

sup p(z,G) <
zeGx

<

sup p(z, G N GY)
zeGY

max{ sup p(z,G N G), sup p(z, Gn G}
€L, z€G*\T2e

max{e, sup p(z,@ﬂG:)}.
zGGTY\Igé

The last step follows from ([I2). Now consider any x € G \ Zzc. Then
using triangle inequality, Yy € G and Vz € Ta,

p(z,GNGE)

< playy) +p(y,2) + p(2,GNG)

pla,y) +py.2) + sup p(z!,G NG
2/ €T2e

p(z,y) + p(y, 2) + e

IN

IN

The last step follows from (I2). This implies that Yy € 9G?,

p@,GNGY) < pl,y)+ inf ply,z)+e

2€ZLac

p(x,y) + p(y, Zae) + €

p(x,y) + sup p(y',Tac) + €
y’EC?Gf,

< p(z,y) +2Cs5¢ +¢.

IN

Here the last step invokes assumption [B]. This in turn implies that

p(z,GN Gy) < yeigé* plx,y) + (2C5 + 1)e < 2e+ (2C5 + 1)e

The second step is true for x € Gﬁ \ Z2., because if it was not true then
Vy € 0G7, p(x,y) > 2¢ and hence there exists a closed 2e-ball around z
that is in Gi;. This contradicts the fact that x & Zs..
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Therefore, we have:

sup  p(z,GNGE) < (205 + 3)e.
IGG,*Y\IQé

And going back to the start of case (ii) we get:

sup p(z,G) < (2C5 4 3)e.

wEGTI
So for either case
e\’
sup p(z,G) < (2C5 + 3)e = (205 + 3) (Q> : (14)
mEG; C(1

Putting together the bounds from Eqs. (I3), (I4) for the two terms of the
Hausdorff error, we get: For large enough n, with high probability

~ 1/a
doo (G, G*) = max{ sup p(z,G),sup p(z, G*)} < (2C5 + 3) £(G) .
K Yets vel K Gy

This concludes the proof.

6.4 Proof of Theorem (1]

Before proceeding to the proof of Theorem [Il we establish three lemmas that
will be used in this proof, as well as the proof of Theorem 2l The first lemma
bounds the deviation of true and empirical density averages. The choice of
penalty used to achieve adaptivity is motivated by this relation.

Lemma 2. Consider 0 < 6 < 1. With probability at least 1 — §, the following
is true for all j > 0: R
f(A) — f(A)| < T,

e [F(4) - fla)| < 0,
Proof. The proof relies on a pair of VC inequalities (See [35] Chapter 3) that
bound the relative deviation of true and empirical probabilities. For the collec-
tion A; with cardinality bounded by 2/¢, the relative VC inequalities state that
for any e > 0

» ( qp PA = PA) ) < 4. gidg-nct/1

AG.A]‘ P(A)
and
P sup w >e| <4.90ide /4,
AcA; P(A)
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Also observe that

~

P(A) < P(A) + e\/ P(A) = P(A) < 2max(P(A),2¢?) (15)

and
P(A) < P(A) + ey/P(A) = P(A) < 2max(P(A), 2¢%). (16)

To see the first statement, consider two cases:
1) P(A) < 4€%. The statement is obvious.
2) P(A) > 4¢2. This gives a bound on ¢, which implies

P(A) < P(A) + P(A)/2 = P(A) < 2P(A).

The second statement follows similarly.
Using the second statement and the relative \/2C inequalities for the collection
Aj, we have: With probability > 1 — 8. 2/%e™"¢"/4 VA € A; both

P(A) — P(A) < ey/P(A) < e/ 2 max(P(4), 2¢2)

and

P(A) - P(4) < e/ P(4) < ey/2 max(P(4), 2¢2).

In other words, with probability > 1 — 8 - 2ide=n<"/4 yA ¢ A;

|P(A) — P(4)| < e\/2 max(P(A), 2€2).

Setting € = /4 1log(2798/4,)/n, we have with probability > 1 —§;, VA € A;

|P(A) — P(A)| < \/SM max (ﬁ<A>,8M>

n n

Setting §; = 627U+ and applying union bound, we have with probability
>1—4, for all resolutions j > 0 and all cells A € A;

|P(A) — P(4)] < %M max (ﬁ(A),sw)

The result follows by dividing both sides by p(A). O

The next lemma states how the density deviation bound or penalty ¥, scales
with resolution j and number of observations n. It essentially reflects the fact
that at finer resolutions, the amount of data per cell decreases leading to larger
estimation error.
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Lemma 3. There exist constants ¢z, cq = c4(fmax, d) > 0 such that if j = j(n)
satisfies 20 = O((n/logn)Y/?), then for all n, with probability at least 1 —1/n,

3 /gjdloﬂ <, < g /zjdloﬂ,
n n

Proof. Recall the definition of U
log(27(4+1)16/4) <A 1og(2j(d+1)16/5)>
88— max | f(A),8————F———
\/ ni () TS =@

We first derive the lower bound. Observe that since the total empirical proba-
bility mass is 1, we have

¥, := max
A€A;

~ ~ ﬁ(A) ~
= < | = = .
1 A;,P(A) < ppax P(A) x | 4| = max "% = max (4)

Use this along with § = 1/n, j > 0 and pu(A) = 277 to get:

v, > 247'd81°g;6”.

To get an upper bound, using ([IH) from the proof of Lemma [2] we have with
probability > 1 — 8- 279"/ for all A € A;

P(A) < 2max(P(A), 2¢2).
Setting € = y/410g(2798/4;) /n, we have with probability > 1—4;, for all A € A;
810g(2jd8/5j>>

n

~

P(A) < 2max (P(A),

Dividing by u(A) = 277¢, using the density bound fiax, we have with proba-
bility > 1 — ¢;, for all A € A;
~ 10 log (2748 /65;
F(A) < 2max (fmaxu 247d8M) )
n
Setting §; = 62-U+1D) and applying union bound, we have with probability
> 1 — 0, for all resolutions j > 0
j(d+1
f <fmax,2jd8—log(2j( 16/ 5)> .

max f(A) < 2max
AcA; n

This implies

1 2i(d+1)16/4 1 2i(d+1)16/§
W, < WSM . ( o 2M80g<_/>>,

n n
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Using 6 = 1/n and 2/ = O((n/logn)/4), we get:

1
\I/j S C4(fmax;d) 2Jd Ogn-
n

O

We now analyze the performance of the plug-in histogram-based level set
estimator proposed in (@), and establish the following lemma that bounds its
Hausdorff error. The first term denotes the estimation error while the second
term that is proportional to the sidelength of a cell (277) reflects the approx-
imation error. We would like to point out that some arguments in the proofs
hold for s,, large enough. This implies that some of the constants in our proofs
will depend on {s;}52,, the exact form that the sequence s,, takes (but not on
n). However, we omit this dependence for simplicity.

Lemma 4. Consider densities satisfying assumptions [A1] and [B]. If j =
§(n) is such that 27 = O(s;*(n/logn)/?), where s, is a monotone diverging
sequence, and n > no( fmax, d, 01, €0, C1, @), then with probability at least 1—3/n

\I/j 1/« i

—= a2=7|.
(Cl) +vd ]
Proof. The proof follows along the lines of the proof of Proposition Let
Jo = [logy 4v/d/e,], where ¢, is as defined in assumption [B]. Also define

(&) v + \/&2—J’] .

do (G, G2) < max(2Cs + 3,8Vde, ")

€5 =

Cy

Consider two cases:
I j < Jo.
For this case, since the domain X = [0, 1], we use the trivial bound
do(G;,G%) < Vd < 270(Vd277) < 8Vde e
The last step follows by choice of Jy and since ¥;,C; > 0.

II. §> Jo.
Observe that assumption [B] implies that G% is not empty since G 2
Z(G%) # 0 for € < ¢,. We will show that for large enough n, with high

probability, CAv'j NG, # () for j > Jy and hence éj is not empty. Thus the
Hausdorff error is given as

doo (G, G) = max{ sup p(x,G;), sup p(z, GE)}, (17)
z€G el

and we need bounds on the two terms in the right hand side.
To prove that G is not empty and obtain bounds on the two terms in the
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Hausdorff error, we establish a proposition and corollary. In the following
analysis, if G = (), then we define sup,cq g(z) = 0 for any function g(-).
The proposition establishes that for large enough n, with high probability,
all points whose distance to the boundary 0G is greater than e; are
correctly excluded or included in the level set estimate.

Proposition 4. If j = j(n) is such that 27 = O(s;* (n/logn)'/?), and

n

n > n1(fmax, d,01), then with probability at least 1 — 2/n,

U, 1/« )
sup  p(z,0G7) < (O—]> + VA2 = .
zeG;AGx 1

Proof. 1f @jAGTY = (), then SUD, & AGH p(r,0G%) = 0 by definition, and

the result of Proposition M holds. If @jAGTY # (), consider x € éjAGiky.
Let A, € A; denote the cell containing = at resolution j. Consider two
cases:

(i) Az NOG: # 0. This implies that
p(r,0GY) < Va2,

(i) Ax NG = . Since x € CA?J-AGTW it is erroneously included or

excluded from the level set estimate éj. Therefore, if f(Az) > 7,
then f(A,) < v otherwise if f(A,) < 7, then f(A) > ~. This im-
plies that |y — f(Ay)| < |f(As) — f(Ay)|. Using Lemma 2 we get
|y — f(Az)| < ¥, with probability at least 1 — 4.
Now let x1 be any point in A, such that |y — f(z1)| < |y — f(A.)]
(Notice that at least one such point must exist in A, since this cell
does not intersect the boundary). As argued above, |y — f(A,)| < ¥,
with probability at least 1 — 1/n (for 6 = 1/n). Using Lemma [3 for
resolutions satisfying 2/ = O(s; ! (n/logn)'/?), and for large enough
1 > 11 (fmax, d,01), ¥; < 61 and hence |y — f(x1)| < 61, with proba-
bility at least 1 —1/n. Thus, the density regularity assumption [A1]
holds at 1 with probability > 1 — 2/n and we have

. = fE)N\YY (= FADNYY (et
< () < (fl) < ()

Since x,x1 € A,

N\ Ve )
plx,0G%) < p(x1,0G%) +Vd2™7 < (%) + Va2,
1
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So for both cases, if j = j(n) is such that 2/ = O(s; ! (n/log n)l/d), and

n > n1(fmax, d, 01), then with probability at least 1 — 2/n, Va € G, AGY

U, 1/« )
plz,0G%) < (é) +Vd277 = ¢

O

Based on Proposition[] the following corollary argues that for large enough
nand j > Jy = [log, 4V/d/e,], with high probability, all points within the
inner cover Ty (G%) that are at a distance greater than €; are correctly
included in the level set estimate, and hence lie in G N G7. This also
implies that G; is not empty.

Corollary 2. Recall assumption [B] and denote the inner cover of G,
with 2€;-balls, Ty, (GTY) = Ty, for simplicity. For anyn > ng = no( fumax, d,
61, €0, C1, ), if § = j(n) is such that 27 = O(s;*(n/logn)Y/) and j > Jo,
then, with probability at least 1 — 3/n,

éjyé@ and  sup p(z, G NGY) <.
T€T2e;

Proof. Observe that for j > Jy, 2V/d277 < 2v/d2~70 < ¢,/2. By Lemmal3]
for resolutions satisfying 2/ = O(s; *(n/logn)'/4), and for large enough
n > n2(€o, fmax, C1, @), 2(\Ifj/Cl)1/o‘ < €,/2, with probability at least
1 —1/n. Therefore for resolutions satisfying 2/ = O(s;;'(n/logn)'/%) and
j > Jo, and for n > ng, with probability at least 1 — 1/n, 2¢; < ¢, and
hence Ty, # 0.

Now consider any 2¢;-ball in ;. Then the distance of all points in the

interior of the concentric €;- ball from the boundary of Zy;, and hence
from the boundary of G7 is greater than €;. As per Proposition A for
n=ng = max(ny, ng), with probability > 1— 3/n, none of these points can
lie in G AG* and hence must lie in G N G* since they are in T, C G*

Thus, G] #+ @ and for all z € Ty,
pla, Gy NGy <.
O
We now resume the proof of Lemma [l Assume the conclusions of Propo-
sition Ml and Corollary 2 hold. Thus all the following statements hold for

resolutions satisfying 2/ = O(s;; *(n/ logn)'/?), j > Jo and n > ng =
1o (fmax, d, 01, €0, C1, @), with probability at least 1 — 3/n. Since G> and

éj are non-empty sets, we now bound the two terms that contribute to
the Hausdorff error:

sup p(z, éj) and sup p(z,G?)
z€G zeCj
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To bound the second term, observe that

sup p(z,G) = sup p(z,G) sup  p(z,0GY)
ze€Gj z€G;\Gz z€G;\G*
< swp p@0GY) <6
2€G;AGH

where the last step follows from Propositiond Thus,

sup p(z,GY) < ¢;. (18)
z€G;

To bound the first term, we recall assumption [B] which states that the

boundary points of G are O(¢;) from the inner cover Ty, (G ), and using

Corollary B to bound the distance of the inner cover from G »

sup p(x,@j) < sup p(x,éj naG?)
z€G z€GY

= max{ sup p(z,G;NG;), sup p(z,G;NG;)}
r€lae, wEGﬁ,\Izej

< max{e;, sup p(x,éjﬂGi;)},
wEGi‘Y\Izej

where the last step follows using Corollary 2
gow f:zonsider any z € G2 \ Z.,. By the triangle inequality, Vy € G and
S 2€;9

~

< plz,y) + oy, 2) + sup p(2',G;NGY)
z'e 2¢
< plz,y) + oy, 2) + €5,

where the last step follows using Corollary[2l This implies that Yy € 0G?,
p(z,G;NGY) < p(x,y)+ zeinf p(y, z) + €5
<
= plz.y) +p(y, Tae,) +¢;
< plz,y)+ sup p(y', Tae;) +€;
y/GBG;
< pla,y) +2C3€5 + €5,

where the last step invokes assumption [B]. This in turn implies that

plz,G;NGY) < yehalfc* p(z,y) + (2C5 + 1)e; < 2¢; + (2C5 + 1)g;.
< v
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The second step is true for z € GTY \Izej, because if it was not true then
Vy € 0GY, p(x,y) > 2¢; and hence there exists a closed 2¢;-ball around x
that is in Gi;. This contradicts the fact that x ¢ Zs¢;. Therefore, we have:

sup  p(z, Gy NGE) < (205 +3)¢;
zGGTY\I2€j

And going back to ([I9), we get:

sup p(z, @J) < (2C5 + 3)¢;. (19)
z€GY

From Egs. (I8) and (I3, we have that for all densities satisfying assump-
tions [A1, B], if j = j(n) is such that 27 = O(s;;*(n/logn)'/4), j > Jo,
and n > ng = no(fmax, d, 01, €0, C1, ), then with probability > 1 — 3/n,

doo(Gj,G%) = max{sup p(z,G;), sup p(z,G3)} < (2C5 + 3)e;.
z€G zeGj

And addressing both Case I (j < Jp) and Case II (j > Jy), we finally have
that for all densities satisfying assumptions [A1l, B], if j = j(n) is such that
29 = O(s; " (n/logn)/%), and n > ng = no(fmax, d, 1, €0, C1, @), then with
probability > 1 —3/n,

doo(éj, Giky) < max(203 + 3, 8\/&6;1)@.
O

We now establish the result of Theorem[Il Since the regularity parameter «

is known, the appropriate resolution can be chosen as 277 < s,,(n/logn)~ @iy |
Let €2 denote the event such that the bounds of Lemma [3] (with § = 1/n) and
Lemma[@ hold. Then for n > ng, P(Q2) < 4/n where Q denotes the complement

of Q. For n < ng, we can use the trivial inequality P(€2) < 1. So we have, for
all n

P(Q) < 1rnax(4,no)l =: C”l
n n

Here C' = C'(fmax, d, 01, €0, C1, @0).
So Vf € Ff(«), we have: (Explanation for each step is provided after the
equations.)

Elds (G, G%)] P(Q)E[d (G, G2)|Q] + P(Q)E[ds (G5, G3)[€)

< Eldw(G;,G2)|9Q] + P(Q)Vd
N\ Ve )
< max(20; + 3,8Vde; 1) <%> +Vd2 7| + C'/ﬁ
1 n
<

1
C max 2jdloﬂ > 9—J l
n ’ n
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IN

C max { s 4/ U T s i T 1
" logn """ \logn ‘n

1
T df2a
< Csn< " ) .
logn

Here C = C(C1, Cs, €0, fmax, 91, d, @). The second step follows by observing the
trivial bounds P(2) < 1 and since the domain X = [0, 1]¢, E[doo(@j, G2)IQ] <
Vd. The third step follows from Lemma @ and the fourth one using Lemma [
The fifth step follows since the chosen resolution 277 < s,(n/ log n)7<d+—120<>

6.5 Proof of Theorem

To analyze the resolution chosen by the complexity penalized procedure of (@)
based on the vernier, we first establish two results regarding the vernier. Using
Lemma[2] we have the following corollary that bounds the deviation of true and
empirical vernier.

Corollary 3. Consider 0 < § < 1. With probability at least 1 — § with respect
to the draw of the data, the following is true for all j > 0:

Vai = Vsl <950

Proof. Let Ag € A; denote the cell achieving the min defining V,, ; and A; € A;
denote the cell achieving the min defining ﬁmj' Also let Afy, and Af, denote
the subcells at resolution j’ within Ay and A1, respectively, that have maximum
average density deviation from ~y. Similarly, let Af; and A}; denote the subcells
at resolution j” within Ay and Aj, respectively, that have maximum empirical
density deviation from . Then we have: (Explanation for the steps are given
after the equations.)

Vo=V = = F(Abo)l — Iy — F(AL)
< = )l - by = FlAn)]
< |f(A7) - FlAL)

= max{f(A'lO) - Ji(A/u)a i(Alu) - f(Allo)}
< max{ngio) _f(Allo)a (A1) — f(Alu)}
< max [f(4) - f(4)

< Uy

The first inequality invokes definition of Ag, the third inequality invokes defini-
tions of the subcells A}, A};, and the last one follows from Lemma[2 Similarly,

Vyi—Vys = = FA)] = v = F(Ab)
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Iy — f(A61)| v - f(A60)|

£ (Abo) — F(Ap)|

Here the first inequality invokes definition of A;. The rest follows as above,
considering cell Ay instead of A;. O

<
<

The second result establishes that the vernier is sensitive to the resolution
and density regularity.

Lemma 5. Consider densities satisfying assumptions [A] and [B]. Recall that
Jj = |j+logy sn], where sy, is a monotone diverging sequence. There exists C' =
C(Ca, fmax, 02, @)> 0 such that if n is large enough so that s, > 8 max(3e, !, 28,
12C3)V/d, then for all j > 0,

min(d;,C1)277* <V, ; < C(Vd279).

Proof. We first establish the upper bound. Recall assumption [A] and consider
the cell Ag € A; that contains the point zo. Then Ao NIGE # 0. Let Aj
denote the subcell at resolution j” within Ay that has maximum average density
deviation from . Consider two cases:

(i) If the resolution is high enough so that v/d2=7 < &, then the density
regularity assumption [A2] holds Va € Ay since Ag C B(xo, d2), the da-
ball around zy. The same holds also for the subcell Aj. Hence

= F(Ap)] < Ca(Vd277)”

(ii) If the resolution is not high enough and v/d2=7 > &5, the following trivial
bound holds:

= A < e < L2052
The last step holds since vd2~7 > §,.
Hence we can say for all j > 0 there exists Ay € A; such that
s by = 0] = by = Fag)] < max (€, Do) (e
A'€A;NAg
This yields the upper bound on the vernier:

V,; < max (OQ,fma"> (Vd277)* .= C(Vd277)>

2

where C' = C(Ca, fmax, 02, ).

For the lower bound, consider any cell A € A;. We will show that the
level set regularity assumption [B] implies that for large enough n (so that the
sidelength 277 " is small enough), the boundary does not intersect all subcells at
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resolution 7' within the cell A at resolution j. And in fact, there exists at least
one subcell A} € AN .Aj such that Vo € A],

p(z,0GY) > 277",

We establish this statement formally later on, but for now assume that it holds.
The local density regularity condition [A] now gives that for all z € A}, |y —
f(@)| > min(6y, C1279'*) > min(d1,C1)279"*. So we have

e, 1= FA0] 2 |y = FA)] = min(6y, G2
Since this is true for any A € A;, in particular, this is true for the cell achieving
the min defining V, ;. Hence, the lower bound on the vernier V, ; follows.

We now formally prove that the level set regularity assumption [B] implies
that for large enough n (so that s, > 8 max(3¢, ', 28, 12C5)v/d), IA; € ANA;,
such that Vz € Aj,

p(z,0GY) > 277",

Observe that if we consider any cell at resolution j” := j" — 2 that does not
intersect the boundary OG, then it contains a cell at resolution j' that is
greater than 97" away from the boundary. Thus, it suffices to show that for
large enough n (so that s, > 8max(3¢, !, 28, 12C3)V/d), 3A”€ AN Aj» such
that A”NOG? = (). We prove the last statement by contradiction. Suppose that
for s, > 8 max(3¢, ', 28,12C3)V/d, all subcells in A at resolution j” intersect the
boundary 9G%. Let € = 3v/d279". Then,

e 3va-T —1avdrT < 2V < 24vd

Sn Sn

S 60;

where the last step follows since s, > 24\/&6;1. By choice of ¢, every closed
e-ball in A must contain an entire subcell at resolution j” and in fact must con-
tain an open neighborhood around that subcell. Since the boundary intersects
all subcells at resolution j”, this implies that every closed e-ball in A contains a
boundary point and in fact contains an open neighborhood around that bound-
ary point. Thus, (i) every closed e-ball in A contains points not in G%, and
hence cannot lie in Z.(G%). Also, observe that since all subcells in A at resolu-

v
tion j” intersect the boundary of G?, (ii) there exists a boundary point z; that

is within v/d277" of the center of cell A. From (i) and (ii) it follows that,

_j .11 2_-7 ./

pla1,Ze(G3)) > - = Vd2=7" —2¢ = 5 - 28Vd277
Y S AN
2 Sn 4’

where the last step follows since s, > 224v/d. However, assumption [B] implies
that for € < ¢,

p(x1,Z(G%)) < Cye = 3C5Vd277" =12C5Vd277" <

IN

3

24C3\/d2—9 277
4

Sn
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where the last step follows since s, > 9603\/3, and we have a contradiction.
This completes the proof of Lemma O

We are now ready to prove Theorem[l To analyze the resolution 3 chosen by
@), we first derive upper bounds on Vvﬁ and \113,, that effectively characterize
the approximation error and estimation error, respectively. Thus, a bound on
the vernier Vvﬁ will imply that the chosen resolution 3 cannot be too coarse
and a bound on the penalty will imply that the chosen resolution is not too fine.
Using Corollary Bl and (@), we have the following oracle inequality that holds
with probability at least 1 — §:

V,jsV, 519 = o?f& {Vv’j + \I]j,} = 0%‘2} D+ 205}

Lemma [0 provides an upper bound on the vernier V, ;, and Lemma Bl provides

an upper bound on the penalty ¥;. We now plug these bounds into the oracle
inequality. Here C' may denote a different constant from line to line.

~ . [ .., logn
~ < -~ =, < 1 —Jo 7’'d_"S "~
V%]_V%]—F\I/J < C’Og;ng{2 +1/2 - }

i {max <2j°‘, 2jdsg—10gn>}
0<5<J n
_da n _d#»%
(10gn) '

Here C' = C(C3, fmax, 02,d, ). The second step uses the definition of j’, and
the last step follows by balancing the two terms for optimal resolution j* given
d

IN
Q
z
B

A
Q
¥a
Y
¥
¥
°

by 2797 < 5777 (n/ log n)fﬁ. This establishes the desired bounds on V_ >
and \IJE,.

Now, using Lemma [B] and the definition of 5/, we have the following upper
bound on the sidelength: For s,, > 8 max(3¢, *, 28, 12C5)/d,

1 1
-~ -~/ V -~ o _d n T df2a
2_] S Sn2_] S Sn (¢> S C2Sn87ﬁll+2a <—) 9
min(dy,Cy) logn

where co = c2(C1, Ca, finax, 01, 02,d, ) > 0. Also notice that since 27 =< 5,1
(n/logn)*?, we have 27" < 27" < 5,27 = (n/logn)*/?, and thus j satisfies the
condition of Lemma[Bl Therefore, using Lemma[3 we get a lower bound on the
sidelength: With probability at least 1 — 2/n,

\Ifz_, n B 2do n 7% n ~1/d
; c18p | spt* ( )
c; logn logn logn
=1

-

- S’ﬂ

>, S
277 > —
2

2—5>_"
- 2




where ¢; = ¢1(Ca, fmax,02,d, ) > 0. So we have for s, > 8max(3e, 1,
12C3)V/d, with probability at least 1 — 2/n,

d n - d+12a ~ d n - d+12a
c18a1% <277 < g8y 803 , (20)
logn

28,

where ¢; = ¢1(C2, fmax, 02,d,a) > 0 and ¢z = ¢2(C1, Co, fmax, 01, 02,d, ) > 0.
Hence the automatically chosen resolution behaves as desired.

Now we can invoke Lemma Ml to derive the rate of convergence for the Haus-
dorff error. Consider large enough n > n1(Cs, €,,d) so that s, > 8 max(3e¢, !, 28,
1203)\/3. Also, recall that the condition of Lemmall requires that n > n¢(fmax,
d,d1,€,,C1, ). Pick n > max(ng,n1) and let 2 denote the event such that the
bounds of Lemma [3] Lemma [ and the upper and lower bounds on the cho-
sen sidelength in (20) hold with § = 1/n. Then, we have P(Q2) < 6/n. For
n < max(ng,n1), we can use the trivial inequality P(2) < 1. So we have, for

all n . 1
P(Q) < max(6, max(ng,n;y))— =: C—,
n

where C' = C(C4, Cs, €0, frmax, 01, d, ).
So Vf € F5(«), we have: (Here C may denote a different constant from line
to line. Explanation for each step is provided after the equations.)

Elds(G,G%)] = P(QE[dw (G, G2)|Q) + P()E[dw (G, G3)|)
< Eldwo (G, G5)|Q] + P(Q)Vd

\IJA- 1/04 -~ d
<C <—3> +Vd277 + v
Cl n
1
< (Cmax 2§dloﬂ . 273 l
— n b 7n
—d2/2a *ﬁ d *ﬁ 1
< (Cmax{ sp* i Sp8iTe o -
- logn o logn "n
1
< C(Cs sd*% " o
1
n o\ dfe
< Cs? .
= (logn>

Here C' = C(Cy,Cs, C3, €0, frmax, 01, 92, d, ). The second step follows by observ-
ing the trivial bounds P(€2) < 1 and since the domain X' = [0, 1], E[duo (G, G219
< v/d. The third step follows from Lemma [] and the fourth one from Lemma
Bl The fifth step follows using the upper and lower bounds established on 97

in 20).
]
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6.6 Proof of Proposition [3]

We proceed by formally defining the class Fgpr(a, (). The class corresponds to
densities bounded above by fmax, satisfying the local density regularity assump-
tions [A1,A2] for points within the support set, and the densities have support
sets that are Holder-¢ boundary fragments. That is,

Gy ={(Z,2q);2 €[0,1]971,0 < 24 < g(2)},

where the function g satisfies h < g(Z) < 1—h, where 0 < h < 1/2 is a constant,
and g is Holder-¢ smooth. That is, g has continuous partial derivatives of up to
order [(], where [(] denotes the maximal integer that is < ¢, and 36 > 0 such
that

Vz,2 € (0,17 |2~ || <6 = [g(2) — TP:(2 [C)| < Ll|z — 2|

where L,{ > 0, TP;z(-, [¢]) denotes the degree [¢] Taylor polynomial approxima-
tion of g expanded around &, and || - || denotes Euclidean norm.

The proof is motivated by the minimax lower bound proof of Theorem 1 in
[14], however the construction is slightly different for support set estimation.
For the sake of completeness, we present the entire proof here. We will use the
following theorem from [36].

Theorem 4 (Main Theorem of Risk Minimization (Kullback divergence ver-
sion)). Let © be a class of models. Associated with each model 6 € © we have
a probability measure Py. Let M > 2 be an integer and let d(-,-) : © x © — R
be a semidistance. Suppose we have {6, ...,0p} € © such that

1. d(@j,@k) >2s >0, vOSj,kSM;
2. ng < Pgo, ijl,...,Mu
3. & S0 KL(Py, || Po,) < rlog M,

where 0 < k < 1/8. The following bound holds.

~ M K
inf sup Py (d(6,0)>s) > —"_ (1-26—-2,/—" ) >0,
it sup Py (4(0,0) 2 5) = o (1o 202, [

where the infimum is taken with respect to the collection of all possible estimators
of 8, and KL denotes the Kullback-Leibler divergence.

The following corollary follows immediately from the theorem using Markov’s
inequality.

Corollary 4. Under the assumptions of Theorem [§] we have

002 (2o )
inf supE[d(0,0)] > s————(1—-2k—2,/—— | > cs,
b 0cb (6.0)] 14+ VM log M

for some ¢ = ¢(k, M) > 0.
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We now construct the model class ©® = F of densities that is a subset of
densities from the class Fpp(a, ). Thus, Corollary [ would give a minimax
lower bound for the class Fpr(a, (). Consider {fo,..., fm} € F as follows. Let
z = (Z,2q) € [0,1]%, where & € [0,1]9"! and x4 € [0,1]. Also let

n \ SEFDFaT
m = | C
O\ logn ’

where ¢y > 0 is a constant to be specified later. Define
. j-1)2 ] 1 1
Ti="1 ) B;-{x.xé(w;—%,xj—i-%

m(#) = e K (m(i — 5)),

and

where j € {1,...,m}% " and K > 0 is a Holder-¢ function with constant 1, and
supp(K) = (—1/2,1/2)4"1. Now define

fo(@) =go(z) and  f;(x) = go(x) + g, ;(2) + g2(2),

where
0 xg>1/2,% €[0,1]9!
o) = 1 CEE (G -za)" 126 <wza<1/23€ 0,1
17_014502 ‘5§+1 B i
1/2-5, xqg <1/2—162,2 €0,1]
et e O S T
g 7(1[:): - 12 2(5—11,1) + N 5_5775($)<:Ed§§—775(x),
v Qe (% —n;(%) — ard) 7 € B;
0 elsewhere
and
C/(a,L,K,C ,C! ) — a+1)+d—1 - d-1
oa) = | e €TV g <1/2 - 60,8 € (0,1
0 elsewhere

where C’(a, L, K, Cy, Co) = £1€2 (1 — L) fj—J:HKHgI} See Figure 2
Thus, M = m?1. Observe that fy,..., far are valid densities since Jg0=1,
Jo1;+ g2 = 0and fo,...,fm > 0 provided d; is small enough but fixed
and n is large enough but fixed. Moreover, observe that provided d; is small
enough but fixed, the densities satisfy assumptions [A1l, A2] for all points
within the support. The exact requirements on d1, d2 and n can be specified but
are cumbersome and of no interest to the results. The corresponding support

sets are given as:

Gy = {z:0<24<1/2}
G;ﬁ = {x:0§1d<1/2—773(55)}
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Figure 2: Densities used in the lower bound construction for Hausdorff accurate
support set estimation.

Observe that the support sets are Holder-¢ boundary fragments. Thus, F C
Fer(a, ).
Now, we show that F satisfies the assumptions of Theorem M for d = d,

1. For all j # k,
doo (G;T, G7) = max(miax 75 (%), mg_caxn,;(ﬂﬁ)) = ng_:ca,x K(Z)m™¢ =:2s > 0,
and also for all j

doo(Gé‘,GS) = max7;(T) = Lmax K(Z)m™¢ =: 25 > 0.

2. Clearly, P; < Py, V; by construction.

3. We now evaluate the KL divergence.
f;(@)

KL(P|| ) = [Zl ] n/[o,l]d log o) f3(z)dz

The last integral consists of three terms considering where fj (z) > 0 that
we evaluate next.

— +gg() . . o di
be /[0 1)d- 1/  goz) (90(z) + g2(z)) dzad

C”m_( (a+1)+d—1)
= mnlog

_ C1+Co hoa+1
2 a+1

< nC/C//m—2(((a+1)+d—1)

) Cl a—‘rl)—‘rd 1)

2
_ 01011(260)—2(C(a+1)+d—1)M < klogM
n
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where the inequality follows from log(l + ) < z and defining C” =

w‘ﬁ. In the last step, 0 < x < 1/8 by appropriate choice of
T2 Ta+t1
Co.
1/2
I = n/ / log go(x)go(:zr)d:rdd:i: =0
[0,1]4=1\B; J/1/2—6, 90(56)
315 +
m - / / ' 0@ +91(&) (Lo ) deadi
L—4n; <w> go(x)
—n; z) e
:n//2 <1_m())
b-; 3=
1 o
% <§ - 773(57) — xd) dxqdz
< 0

Finally, we get
1M
i > KL(P;||Py) < rlog M.
j=1
Thus, all the conditions of Theorem [ are satisfied and Corollary @ implies the
desired lower bound since s := L maxz K (Z)m~¢/2.

6.7 Proof sketch of Theorem

We derive an upper bound on the Hausdorff error of the estimator proposed
in (IQ) for support set estimation (y = 0). We follow the proof of Theorem [I]
except that instead of Lemma [2] based on the VC inequalities, we will use the
following lemma that is based on the Craig-Bernstein inequality [32].

Lemma 6. With probability at least 1 — 1/n, the following is true for all j > 0
and all A € A,
F(A) < 2f(A) + 05

Similarly, with probability at least 1 — 1/n, the following is true for all j > 0
and all A € A,

F(A) <2f(A) + 00

Proof. The proof hinges on the following concentration inequality due to Craig
[32):
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Proposition 5 (Craig93). Let {U;}!, be independent random variables satis-
fying the Bernstein moment condition

k!
E[|U; — E[U;]|*] = var(Ui)Ehk*Z’,
for some h >0 and all k > 2. Then

1y,
P (l(Ul- “EU]) > =+ w(n)) o7
n ne

2(1—¢)
forO<eh <c<1andTt>0.

First let U; = —1x,e4. Then E[U;] = —P(A). Since |U; — E[U;]| < 1, the
Bernstein moment condition is satisfied as follows.

E(|U; — E[U;]|"]

E[|U; - E[U3]|*~2|U; — E[Ui]] < E[|U; — E[U3] )
= wvar(U;) < var(Ui)%!hk72

for h =1 and all £ > 2. Therefore, we have with probability > 1 —e™7,

r  nevar(2U;) 1 ewar(Uy)

—P(A)+P(4) £ —+ 2(17_2) <t o
T eP(A)
ne ' 2(1—c)

The last step follows since var(U;) < E[|U;|?] < E[|U;]] = P(A). Setting ¢ =
¢ =1/2, we have with probability > 1 — 2/%e=" for all A € A;

P(A) < 2P(A) + —
n
Now let 7 = log %, §; = 627U+D and apply union bound to get with proba-
bility > 1 — 9, for all resolutions j > 0 and all A € A4;
j(d+1)
n

The first result follows by dividing by u(A) = 277¢ and setting § = 1/n.
To get the second result, let U; = 1x,c4 and proceed as before. We get with
probability > 1 — ¢, for all resolutions 7 > 0 and all A € A;

Jd+1) Jd+1)
2log 22 4log %52

P(A) < gP(A) +2O8 T opa)+

n n
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Analogous to Lemma [3 there exist constants ¢, cg > 0, such that for reso-
lutions satisfying 2/ = O((n/logn)'/4),

274 ]
52T < 99 < ¢

274 logn
n J '

(21)

n

Also, the following analogue of Proposition [ holds.

Proposition 6. For any n > ni(d,C1), if j = j(n) is such that 29 = O(s;*
(n/logn)'/4), then, with probability at least 1 — 1/n

B0 1/«
sup  p(z,0Gp) < (#) +Vd277 =¢j.
m€éo,jAG6 1

Proof. Proof follows along the lines of the proof of Propositiondl If éo,j AGH =
(), then SUD, Gy S AGE p(z,0G§) = 0 < ¢; by definition. If Gy ;AG} # 0, con-
sider x € GO,JAG{;. Let A, € A; denote the cell containing « at resolution j.
Consider two cases:

i) A, NOGE # (). This implies that
(i) 0 p

p(x,0Gy) < Vd2™.

(i) Az NOG§ = 0. Since z € éwAGB, it is erroneously excluded from the
support set estimate CAv'O,j. Therefore, f(A;) >0 and f(A,) = 0. (Notice
that if f(A,) = 0, then f(Aw) = 0 as no data points lie in A,, hence
a cell cannot be erroneously included in the support set estimate.) Since
f(Az) >0and A, NIG =0, A, C G}. Using Lemmal6] since f(Az) =0,
we get f(A,) < \I!]Q with probability at least 1 — 1/n.

Now let 21 be any point in A, such that 0 < f(z1) < f(A,) (Notice that
at least one such point must exist in A, since this cell does not intersect
the boundary). As argued above, f(A4,) < Y with probability at least
1 —1/n. From (1)), for resolutions satisfying 2/ = O(s; ' (n/logn)'/?),
and for large enough n > nq(d, &1), ‘IJ? < 61 and hence f(x1) < &1, with
probability at least 1 — 1/n. Also, z1 € A, C G§. Thus, the density
regularity assumption [A1] holds at z; with probability > 1 —1/n and we

have _ 1/
o (FE\Y (AN (Y
P(CUlaaGo) < (Tl> < (T) < a .

Since z,z1 € A,

1/«
, p ,
plx,0G}) < p(a1,0Gy) +Vd2™ < (ﬁ) +Vd27.

1
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Rest of the proof of Theorem Blfollows as for Theorem[l Since \I!]Q behaves es-
sentially as the square of ¥;, we get a bound that scales as s, (n/logn)~1/(@+a),

6.8 Proof sketch for a >0

First consider the non-adaptive setting when « is known to be zero. In this
case the plug-in histogram estimator of (), along with a choice of resolution
4 such that 277 < s,,(n/logn)~'/¢, achieves minimax optimal performance for
the class of densities given by F7(0). This follows along the lines of the proof
of Theorem [ except that for the case o = 0, the following result analogous to
Proposition [ holds.

Proposition 7. For any n > n1(fmax,d,C1), if j = j(n) is such that 27 =
O(s;* (n/logn)Y/%), then, with probability at least 1 — 2/n,

sup  p(z,0G7) < Vd277 =: ;.
©€G AGx
Proof. If a = 0, then Vz € X, |y — f(x)| > min(C1,d1). Consider any cell A
that does not intersect the boundary. Then |y — f(A)| > min(Cy,6;) > ¥; >
|f(A) — f(A)| The second step holds, with probability at least 1 — 1/n for
n > 11 (fmax, d, C1,61) and resolutions satisfying 2/ = O(s;;*(n/logn)'/?), us-
ing Lemma[Bl And the third step follows with probability at least 1 —1/n using
Lemma 2] (with § = 1/n). Since |y — f(A)| > |f(A) — f(A)|, for resolutions sat-
isfying 20 = O(s;*(n/logn)"/?) and n > n1 (fmax, d, C1,d1), with probability
at least 1 — 2/n, all cells A that do not intersect the boundary are correctly in-
cluded or excluded from the level set estimate. Hence, sup, . 1 AT, p(z,0G%) <

Vd2. O
This yields a corresponding Hausdorff error bound (analogous to Lemma []) of
doo (G, G2) < max(2Cs + 3,8Vde, ) {2\/82—J} . (22)

Thus, the result follows as 277 < s,,(n/logn) =1/

Next, we prove that adaptivity can be achieved, and hence Theorem 2 holds,
for the whole range a > 0 using the modified vernier and penalty proposed in
Section [4.4l First, notice that Corollary [3l still holds for the modified vernier
and modified penalty since V, ;,V, ; as well as ¥, are all scaled by the same
factor of 279/2. And we have the following analogue of Lemma [B] using the
modified vernier:

Lemma 7. Consider densities satisfying assumption [A] for a > 0 and as-
sumption [B]. Recall that j' = |j + logy sn |, where s, is a diverging sequence.
There exists C = C(C2, fmax,01) > 0 such that for n large enough (so that
sn > 8max(3e; !, 28, 12C3)V/d), then for all j >0

min(81,C)279 2792 <y, < o(Vd2 )2,
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Following the proof of Theorem[2], we derive upper bounds on V e and U, 5 using
the oracle inequality. Since both the modified vernier and penalty are scaled
by the same factor, the two terms in the oracle inequality are still balanced for

the same optimal resolution j* given by 277" < 577> (n/log n)fﬁ. Hence
we get:
d(a+1/2) - (D;;;}Z{f)
Vo<V -+, < 0270 290 < O 2, T ( - )
7.J V.3 J log n

Using this upper bound on V’ﬁ and \113,, we derive upper and lower bounds

on the chosen resolution j as in the proof of Theorem 2l Using Lemma [Tl we
have the following upper bound on the sidelength: For s, > 8max(3¢, !, 28,

12C5)V/d,

. V- 1/(a+1/2) e -
277 < s, 77 o8t s (I
min(d1,Cy) logn

1
n d+2a
czsnsﬁ“a )
logn

And using Lemma [3 for the modified penalty, we have:

C32*3"/21 /2j’d10ﬂ <0y
n

This provides a lower bound on the sidelength:

IN

IN

1
2(a41/2) d—1

1
2 - - —
_3 S_n \IJA n (d—1) . 2d(da+§}x/2) n d+2a n
277 > > €18 | S, Sn
2 403 logn logn logn

—1
d ;2d(a;rl/2) n d+2a
T T 2
— CISHST(l )57(1 Y(d+2a) [ "7

logn

—1
n a2

_ d+2a

= C(C1Sn ( log " ) .

So as before we have for s, > 8max(3¢,',28, 12C3)V/d, with probability at
least 1 — 2/n,

_ 1 _ 1
n dt2a -~ n dt2a
6183*2“ <10gn) <277 < CQSnSﬁ““ Tog 7 ;

where ¢; = ¢1(C3, fmax, 01,d, @) > 0 and ca = c2(Cy, Ca, fax, 01,d, ) > 0.
Hence the automatically chosen resolution behaves as desired for o > 0.

To arrive at the result of Theorem 2l for a > 0, follow the same arguments as
before but using Lemma [ to bound the Hausdorff error for a > 0, and ([22)) to
bound the Hausdorff error for & = 0. Thus, Theorem [2] holds and the proposed
method is adaptive for all @ > 0 (including the jump case), using the modified
vernier and penalty.
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