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Abstract

Nonparametric estimation of functionals of density from finite number of samples is
an important tool in domains such as statistics, signal processing and machine learning.
While several estimators have been proposed in literature, the performance of these
estimators is not known. We propose a kNN class of plug-in estimators for estimating
non-linear functionals of density, such as entropy, mutual information and support set
dimension. The plug-in estimators are designed to automatically incorporate boundary
corrections for densities with finite support. Based on the statistical properties of
kNN density estimators, we derive the bias and variance of the plug-in estimator in
terms of the sample size, the dimension of the samples and the underlying probability
distribution. We also establish a central limit theorem for the plug-in estimators. Based
on these results, we specify the optimal choice of tuning parameters for minimum mean
square error. The theory is illustrated by applications to problems such as intrinsic
dimension estimation and structure discovery in high dimensional data.

1 Introduction

Functionals of densities have important applications in domains such as statistics, signal
processing and machine learning. Divergence between densities is an important example of
such functionals. For example, the Jensen difference [2I] and mutual information [26] are
used as similarity measures in multimodal image registration, information fusion and other
pattern recognition problems. Oftentimes, we do not have access to the density functions,
but rather to sample realizations of the underlying density. In this context, nonparametric
estimators of functionals of densities from finite number of samples becomes important.

These estimation problems can be treated as specific instances of estimation of non-linear
functionals of the density f(z) of the form [ g(f(z),z)f(z)du(x). Bickel and Ritov [I] treat
the problem for the specific case of [ f?(x)du(x), which was generalized to [ g(f, z) f(x)du(x)
for arbitrary ¢(.) by Birge and Massart [3]. They show that for sufficiently smooth densities,



the best possible rate that can be achieved is O(1/n) and suggest estimators that can achieve
this rate. However, the estimators proposed by these authors are quite intricate and in
general difficult to implement. Several other estimators of entropy measures of the form
[ 9(f(x))f(z)dp(z) have been proposed in literature for specific instances of g(.). These
include estimators based on entropic graphs [I1], gap estimators [25] and nearest neighbor
distances [18]. While these estimators have been shown to be consistent, results on rates
of convergence of these estimators are in general unavailable. Hero et.al. [I1], who provide
minimax rates of convergence, are an exception.

We present a simple class of estimators based on kNN graphs to estimate these non-linear
functionals [ g(f(z),z)f(x)du(z) for high dimensional data. Our class of estimators exploit a
close relation between density estimation and the geometry of proximity neighborhoods in the
data sample. For our proposed class of estimators, we will present an asymptotic statistical
analysis of the bias and variance. In addition, we will provide results on weak convergence of
these class of estimators. These results are useful for choosing estimator tuning parameters
and for predicting fundamental performance limits of these estimators.

The results in this report improve existing results on nearest neighbor estimators available
in literature. While our results apply to arbitrary smooth functionals ¢(.), the authors
of [23, (18], [16] only deal with the functionals g(u) = log(u) and g(u) = u®~!. Evans et.al. [§]
on the other hand analyze only positive moments of the k-NN distances (g(u) = u*, k € N).
The authors of [23] (18, [§] show that the estimators they propose are asymptotically unbiased.
Evans et.al. [9] show that the variance is bounded by the rate O(k®/T). From our analysis,
we are able to establish the exact rates of decay of the bias and the variance. Finally, CLT
for k-NN estimators of Rényi entropy was alluded to by Leonenko et.al. [I8] by inferring
from experimental results. We successfully establish a CLT for k-NN estimators of arbitrary
functionals, including Rényi entropy.

We will illustrate the usefulness of our theory by applying it to diverse applications including
intrinsic dimension estimation and factor graph structure discovery. Our results on asymp-
totic theory of the estimators will be used to predict performance of these applications.

2 Plug-in estimators

We are interested in estimating non-linear functionals G(f) of d-dimensional multi-variate
densities f with support S, where G(f) has the specific form

G(f) Z/g(f(év)w)f(x)dﬂ(af) = Elg(f(z), )], (1)

for some smooth function g(z,y). Here, u denotes the Lebesgue measure and E denotes
statistical expectation w.r.t density f. We require that the density f be uniformly bounded
away from 0 and finite on the support 8, i.e., there exist constants €y, €., such that 0 <
€0 < €x < 00 such that ¢g < f(z) < € Vo € 8. We assume that i.i.d realizations
{X1,.. ., XN, XNty -+ -, Xyaar} are available from the density f.
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2.1 Notation

We will use bold face type to indicate random variables and random vectors and regular type
face for constants. We denote the expectation operator by the symbol E and the bias of an
estimator by B. We also denote conditional expectation given Z using the notation Ey.

Define the variance operator as

and the covariance operator as

Cov[X, Y] = E[(X — E[X])(Y — E[Y])].

In addition to the parameters N and M, we have a parameter k which characterizes both the
uniform and the kNN density estimates. We talk about asymptotic behavior of the plug-in
estimates under the following limiting conditions:

° k/M—>0
e k— o0

o N — o0

As shorthand, we will collectively denote the above behavior by A(k, N, M) — 0.

Under these asymptotic conditions, we use the following order notation:

e a =o0(b): ais dominated by b asymptotically.
e a = O(b): ais bounded above by b (up to a constant factor) asymptotically.
e a = 0O(b): ais bounded above and below by b (up to constant factors) asymptotically.

e a =~ (b): aisequal to b (up to a constant factor) asymptotically.

2.2 Plug-in estimators

We assume we have T'= N + M i.i.d realizations {Xy,..., Xy, Xy41,- .., Xy} from the
density f. We begin by defining an oracle estimate,

G(f) = (%Z‘g(f(Xl)?XZ)> . (2)

The oracle estimate G(f) is a unbiased and consistent estimator of G(f). To get a plug-
in estimate, we estimate density at the N points {Xy,..., Xy} using the M realizations

3



{Xn+1,- -+, Xnyia} and plug the estimated density values into the oracle estimate in Eq.
to estimate G(f). The plug-in estimate is therefore given by

G - (%Zg@(xn,xz-)). )

The plug-in estimate is consistent if the density estimate f is an consistent estimator of f.

2.3 Density estimation

We use two popular density estimation methods for plug-in estimation: (a) Kernel density
estimator (with uniform kernel) and (b) k nearest neighbor density estimator. In the main
body, we briefly discuss these k-NN density estimator. Full details can be found in Appendix
A and Appendix B respectively.

Let dg?) denote the Euclidean distance between a point X and its k-th nearest neighbor
amongst Xy1,.., Xyyy. The k:—NN region is Si(X) = {Y : d(X,Y) < dg?)} and the

volume of the £-NN region is Vi (X) = fs dZ The standard k-NN density estimator [17]
is defined as f'k(X ) = MV ( 59 . Ifa probablhty density function has bounded support, the kNN

balls centered at points close to the boundary are often are truncated at the the boundary as
shown in Fig. 2l As a consequence of this truncation, we show that k-NN density estimates
near the boundaries of the support suffer from significant bias. Define the set B to be the
set of boundary points where the £NN ball is truncated by the boundary of the support of
the density. We will show that the bias of the standard k-NN density estimate is of order
O((k/M)?/) in the interior and is of order O(1) at these boundary points. We propose the
following method for compensating the bias of k-NN density estimates near the boundaries
of the support for general multivariate data without any prior knowledge of the support of
the density. This compensation is done in two stages: (i) we identify the set of boundary
points B using a non-parametric algorithm based on k-nearest neighbors and (ii) we estimate
corrected densities at these points by estimating densities at interior points which are close
to the boundary points. For a boundary point X; € B, i € {1,..., N} the corrected density
estimate is given by

(X, 2fk(Xn(% ) — f'1<<Xp(i)) 2fk(Xn(i)) - f‘k(Xp(i)> >0
oX) =1} X, fi (X £ (X ) <
fic (X)) 26 (X)) — fic(Xpay) <0

where X,,;) is the closest interior sample boundary pair to X;), n(i) € {1,..., N}. We show

that the bias for the corrected density estimate fo at the boundary is of the same order
O((k/M)*%) as in the interior. The details can be found in the Appendix C.

We now define the boundary compensated k-NN density estimator at X, i € {1,..., N} to
be

A fk(X ) X; € Be
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Figure 1: Detection of boundary points for 2D beta distribution.

Henceforth, when we refer to £-NN density estimates, it is to be understood that we are
referring to the boundary compensated versions.

3 Main results

In this section, we state the main results concerning plug-in estimators that are established
in this article. We assume we have T'= N + M i.i.d. realizations {Xjy,..., Xy, } from the
density f. The plug-in estimate is given by

. 1M
G(f) = (ﬁzgﬁ(xi),xi)). (1
i=1
3.1 Regularity conditions

The regularity conditions listed below are discussed in greater detail in Appendix D.

Polynomial growth rate

We assume that & grows polynomially in M, i.e. k= M for a € (0,1).



. Partition samples X1,..,XN

. Partition samples XN+1""X

0.9 N+M
{ — Interior neighborhoods
—— Original k-NN boundary neighborhoods| / *

0.8{{ — Corrected boundary neighborhoods

Figure 2: EKNN balls centered around a subsample of 2D uniformly distributed points. Note that
the original k-NN balls centered at points close to boundary (red) over spill the boundary. The
modified k-NN neighborhoods (black) corresponding to the corrected corrected density estimate fo
compensate for the over spill.

Conditions on density

We require that the density f be uniformly bounded away from 0 and finite on the support
S, i.e., there exist constants €y, €, such that 0 < ¢y < €5, < oo such that ¢y < f(z) < €y
Vr € 8.

We assume that the density f has continuous partial derivatives of order 2r in the interior
of the support 8 where r satisfies the condition 2r(1 — «)/d > 1. We also assume that the
functional g(z,y) has A partial derivatives w.r.t. x, where \ satisfies the condition aA > 1.

Conditions on functional

Finally we require that the functional g(z,y) satisfy the following properties. Let ¢'(x,y),
g"(z,y), ¢"(x,y) and ¢""(x,y) denote the first, second, third and fourth partial derivatives
of g(z,y) w.r.t the first argument z. We assume that the absolute value of the functional
g(z,y) and its partial derivatives are strictly bounded away from oo in the range €y < * < €4
for all y. Let Y denote a random variable with density f.



3.2 kNN plug-in estimator

We list theorems on the bias, variance and central limit of kNN plug-in estimators. Equivalent
results have been shown for uniform kernel plug-in estimators in Appendix F. Let Gg(f)
denote the kNN plug-in estimator and Y be a random variable with density f.

Theorem 3.1. Suppose that the density f, the functional g and the density estimate f, satisfy
the necessary conditions listed above. The bias of the plug-in estimator Gg(f) is then given

by

ﬁ +c = +o = + ﬁ B

M “\k k\M ’
where the constant ¢; = E[g'(f(Y),Y)f4Y)(TED((n+2)/2)tr[V3(f(Y))])], and the
constant co = B[f*(Y)g"(f(Y),Y)/2] are constants which depend on the underlying density

f.

Theorem 3.2. Suppose that the density f, the functional g and the density estimate f, satisfy
the necessary conditions listed above. The variance of the plug-in estimator Gy (f) is given

by
Vi(f) = e (%) + o5 (%) +O(]\14+]1f>

where the constant ¢4 = V]g(f(Y),Y)] and the constant cs = V[f(Y)g'(f(Y),Y)] depend on
the underlying density f.

Proof. We briefly sketch the proof here. The above theorems have been stated more generally
and proved in Appendix D.

The principal idea here involves Taylor series expansions of the functional g(f(X), X) about
the true value g(f(X),X), and subsequently (a) using the moment properties of density
estimates listed earlier to obtain the leading terms, and (b) bounding the remainder term in
the Taylor series and showing that it can be ignored in comparison to the leading terms. [

Theorem 3.3. Suppose that the density f, the functional g and the density estimate f, satisfy
the necessary conditions listed above. The asymptotic distribution of the plug-in estimator
Gy (f) is given by

Gi(f) - E[Gk<f>1 _
NS T (%V ) Y)UN O‘) = Friz <o)

where 7, is a standard normal random variable.



Proof. Define the random variables {Y ;4 =1,..., N} for any fixed M as

Yy = g(f(Xz’)a X;) — E[g(f(XZ), X))

The key idea here is to recognize that Y, are exchangeable random variables. Blum
et.al. [4] showed that for exchangeable 0 mean, unit variance random variables Z;, the
sum Sy = \/LN Zf;l Z; converges in distribution to N(0,1) if and only if Cov(Z;,Zs) = 0

and Cov(Z3%,Z2%) = 0. In our case,

COU(YMVZ',YMJ) == O(l/M),
COU(YJQ\M;Y?\M) = O(1/M).

As M gets large, we then have that Cov(Yaz:, Yar;) — 0 and Cov(Y3,;, Y3,;) — 0. We
then extend the work by Blum et.al. to show that convergence in distribution to N(0, 1)
holds in our case as both N and M get large. These ideas are rigorously treated in Appendix
E.

O
The CLT for k-NN estimators of Rényi entropy was alluded to by Leonenko et.al. [I8] by
inferring from experimental results. Theorem 3.3 establishes the CLT for £-NN estimators of
arbitrary functionals, including Rényi entropy. This result allows one to define approximate

finite sample confidence intervals on the estimated values of the functionals and define p-
values .

4 Analysis of M.S.E

The general form of the bias for the estimators discussed above is of the form:

Mﬁ::q(%)w+@<a. (5)

The general form of the variance for the estimators discussed above is of the form:

V(f) = Q<%)+%(ﬁ). (6)

In both the above expressions, we ignore the higher order terms for the sake of analysis
presented below. This gives us the general form of the mean square error as



Figure 3: Asymptotics. Variation of density estimate with increasing k and M

Figure 4: Asymptotics. Variation of plug-in estimate with increasing k, M and N

M(f) = B*(f)+V(f)
kO 1
)
1 1
+ ¢4 (N) + ¢5 (M) . (7)
From Eq[j| we see that we need we need k& — oo and k/M — 0 for the estimator to be
unbiased. Likewise from Eq[6] we see that we need we need N — oo and M — oo for the

variance of the estimator to converge to 0. Figures[3]and [4illustrate the asymptotic behavior
of the density estimate and the plug-in estimate with increasing sample size.



4.1 Optimal choice of parameters

In this section, we obtain optimal values for £,M and N for minimum M.S.E.

4.1.1 Optimal choice of k

Minimizing the M.S.E. over k is equivalent to minimizing the square of the bias over k. We
observe that the constants ¢; and ¢y can possibly have opposite signs. We consider two
separate cases: cico > 0 and c¢ico < 0. In either case the optimal choice of k is given by

Fo = argmin [B(f)| = koM 7+ ], (8)

where |x| is the closest integer to z and we have defined the constant ky = (|ca|d/ 2|c1|)Wd2
when c;ey > 0 and ky = (|CQ|/|Cl|)Wd2 when cicy < 0. When c¢icp > 0, the bias evaluated at
Eopt 1s bE{M%(l + 0(1)) where the constant bl = clk’g/d + co/ko.

Let kfrac = kOM%%i —Fkopt. When cicy < 0, we see that 01((k;fmc—l—k;opt)/M)Q/d—i—cg/(kfmc—l—kopt)
is equal to zero. When this happens a higher order asymptotic analysis is required, yielding
(see Appendix E):

BG() = o (%)Z/d+cz (%)
o (5) () ((%)2” %>
@A)

where the constants are given by
hy = E[(1/2)g" (f(Y)*(X) + g/ (F(Y))ho(Y)],
ha = E[(2/3)g" (f(Y)) [*(Y)]

and
hs = (1= 2/d)E[g"(f(Y))f(Y)e(Y)].

The bias evaluated at k. is then given by by M 2%1(1 + o(1)) where the constant b, =
hiky'® + (hy + Cokprae) /K2 + (hs + 2¢1kfrae/d)ke’* ", In practice, the constants ¢; and c
have to be estimated with error of order o(1/k + (k/M)* %) or smaller for the leading terms
to cancel using the optimal choice of kop = [koM ﬁj, where kg depends on the estimated
values of ¢; and cy.

We note that b3, ¢4 and ¢ are all non-negative constants.
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4.1.2 Optimal choice of N as a function of M

For d = 1, the leading terms in the M.S.E are given by

M(f) ~ e, (%) s (%) | (9)

For d = 2, the leading terms in the M.S.E are given by

M(f) ~ ¢4 <%) + (c5 + b3) (%) : (10)

For large dimensions (d > 6), the optimal choice of N as a function of M for minimum M.S.E.
is then given by

6+d
NI REVE Y S T
opt = 10+d_
[Ny Mgt™™ | c1c <0
where the constant N is given by N = c;gfd) and the constant N, = %.
0 0
4.1.3 Optimal M.S.E.
For the optimal choices of k and N, the M.S.E in terms of M is given by
_ —(64+d)
M(f) = b2M =i + (]C\[—4)M<++d> +esML (11)
0
4.1.4 Relation between £k,,, and N,
Now consider the ratio of Kk, to Nopy.
For d = 1 we have,
ke _ Ko (1) (12)
Nopi No\M )

and for d > 2, we have

k, ko |1

et = _O FVE (13)
Nepe  No VM
The ratio of Kk, to N,y therefore goes to 0 as M goes to oo.
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4.2 Discussion on optimal parameter choices

1. Choice of k: The optimal k grows at a smaller rate as compared to the total number of
samples M used for density estimation. Furthermore, the rate at which k grows as compared
to M decreases as the dimension d increases. This can be explained by observing that the
choice of k primarily controls the bias of the entropy estimator. For a fixed choice of k
and M (k < M), we expect the bias in the density estimates (and correspondingly in the
entropy estimates) to increase as the dimension increases. For fixed M, to ensure optimal
bias, we would therefore require that the density estimates are based on realizations which lie
in smaller neighborhoods as the dimension increases. This in turn corresponds to choosing a
smaller k relative to M as the dimension d grows.

2. Choice of N: For large dimensions (d > 2), the optimal choice of N (the number
of samples used for estimating entropy) grows at a smaller rate as compared to M (the
number of samples used for density estimation). This agrees with our intuition that in higher
dimensions, density estimation is the more difficult problem as compared to the problem of
entropy estimation when the density is known, and therefore a greater fraction of the total
realizations available should be used for estimation of the density.

4.2.1 Comparison of rates

We note that for high dimensions (d > 6), Ny = 0(M,y), which in turn implies that
M, = ©(T'). This then implies that the optimal bias decays as ba“(TQ_TQd)(l + o(1)) when
cica > 0 and b;(T%d)(l + 0(1)) when c¢jco < 0. In addition, the optimal variance decays as
cs(1/T)(1 + o(1)). To date, rates of convergence of the bias for Shannon and Rényi entropy

a leading term of order ©(T~'/4) which arises due to boundary effects. This term can be
eliminated either by using the weighted estimator in [16] or by using boundary corrected

o(T~'/?). From our analysis, we know that the optimal bias decays at the exact rate @(Tﬁ)

when ¢ic; > 0 and @(T{T‘ld) when ¢1co < 0. Evans et.al. [9] have previously shown that the
variance of k-NN based functionals is bounded above by the rate O(k°/T'). Our result is an
improvement in that we are able to provide an sharper rate of ©(1/T).
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5 Application to estimation of Shannon and Rényi en-
tropy and Shannon MI

5.1 Estimation of entropy

In this section, we specifically discuss estimation of Shannon and Rényi entropies. The
Shannon entropy of a density f is given by H = — [ flog fdu, while the Rényi-a entropy is
given by H, = (1 — ) 'log [ f*du. For Shannon entropy, we choose the functional g(u) =

—log(u) to obtain the plug-in estimator H. For estimating Rényi entropy, we first estimate
the 1ntegral I, = [ f*du by correspondingly choosing g(u) = u®"! to obtain the plug-in
estimator I,. We subsequently obtain the Rényi entropy estimator H, = (1 — a) " log(IL,).
Assuming that the regularity conditions are satisfied, the bias and variance of the plug-in
estimators H and I,, are given by theorems 3.1 and 3.2 above and the asymptotic distribution
is described by theorem 3.3. We can then obtain expressions for the bias and variance of H,
by using a Taylor series expansion of the log function about I,. We can similarly obtain a
central limit theorem for H, using the Delta method.

The functional form of the bias, variance and central limit theorem for these estimators is
given by , and 1’ respectively. The constants for the Shannon entropy estimate H are
given by ¢ = E[— =D (Y)(T®D((d +2)/2)tr[VA(f(Y))])], c2 = 0.5, s = V([log(f(Y))]
and c¢; = 0. The corresponding constants for the Rényi entropy estimate H, are given by ¢; =
—(1/L)E[fe 22D )(TD((d + 2)/2)tr [VA(F(Y))])], 2 = (=1/2La) (e = 2)E[f*(Y)],
co=(1/(1 — ) 1,)*V[f*1(Y)] and c5 = (o — 1)cy.
Nearest neighbor estlmators of Shannon entropy and Rényi entropy [18| [16] have been pre-
estimators proposed by Leonenko et.al. and propose weighted versions of the estimators
proposed by Leonenko et.al. to improve rate of convergence of the bias. Denote the data
split versions of the Shannon entropy estimator ((3.20) in [I8]) and the Rényi entropy es-
timator ((3.13) in [18]) proposed by Leonenko et.al. by H and H, respectively. We have
the following relations: H = H + [log(k — 1) = ¥(k —1)] and H, = (1 — a) 'logI, where
= (1/[(C(k + (1 = a))/T (k) (k = 1)* 'L,
An important distinction between our estimators and the estimators of Leonenko et.al. [18] is
that we require the additional condition that the bandwidth k to grow to oo for asymptotic
unbiasedness. This can be understood as follows: if we do not ignore the o(1/k) terms in the
expression for bias, we can show

E[H] = I + [log(M) — W(M)] — [log(k — 1) — W(k — 1)] + c1(k/M)** + o((k/M)*?)  (14)
and
E[la] = [(T(k + (1 — @))/T (k) (k — D) "I + e (k /M) + o (k/M)*?)

Note that [(T'(k+(1—a))/T(k))(k—1)*"'] = 1 and ¥(k—1) = log(k—1)—1/(2k—2)+0(1
as k — oo. From the above equations we see that the scale factor [(T'(k + (1 —«))/T'(k))

(15)
/K?)
( —
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1)>7!] and the additive factor [log(k — 1) — ¥(k — 1)] account for the O(1/k) terms in
the expressions for bias, thereby removing the requirement that & — oo for asymptotic
unbiasedness.

5.2 Estimation of Shannon Mutual information

The joint entropy of random vectors X and Y with joint density fxy is given by

H(X,Y) /fXY log(fxy)dp, (16)

where fyy is the joint density of X and Y. The Shannon MI between two random vectors
X and Y is then given by

I(X;Y)=H(X)+ H(Y) - HX,Y). (17)

We use a classic plug-in estimator to estimate MI from N + M d-dimensional i.i.d samples
{(X;,Y;);i=1,...,N+ M} of the underlying joint density fxy. We estimate the Shannon
MI by estimating the individual entropies. We estimate the joint Shannon entropy H(X,Y)
from samples using the plug-in estimate

N
1
= Z log(fxy (Xi,Y3)), (18)

where fxvy is a k nearest neighbor density estimate (kNN) estimated using the remaining M
samples.

The kNN density estimate [I7] is given by

kE—1

(19)

where Vi (X, Y) is the volume corresponding to the kth nearest neighbor distance between the
point of density estimation (X,Y’) and the M i.i.d samples {(X;,Y;);i = N+1,..., N+ M}.

We estimate the marginal entropies by first obtaining estimates of the marginal density using

kNN density estimates
. k—1

fx(X) = —=
xX) = TRy
where Vi (X) is the volume corresponding to the kth nearest neighbor distance between the

point of density estimation X and the M i.i.d samples {X;;i = N+1,..., N+ M}, and then
plugging the estimated marginals into Eq. 21}

(20)

. 1 X

H(X) = N Z - log(fX(Xi»- (21)

=1
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Denote the estimated MI by I.

A~

I=HX)+H(Y)-HX,Y). (22)

We make the assumption that fxy is three times continuously differentiable. Under this
assumption, as in the case of entropy, we can show the following results on bias, variance and
asymptotic distribution. Note that the results here require cross moments between density
estimates of the joint and marginal densities, which while not discussed in this report, can be
obtained in exactly the same manner as computing cross moments between the same density.

Bias The bias of the plug-in estimator Iis given by
o 1\ 2/ 1 BN
B1as(I) = Cp1 (M) + Cpo (E) +o ((M) + E s

i = E | —caf (X, )iV (o (X, X))
Cp2 — 05,

where

are constants which depend on the underlying density fxy and the constant cq = (I'?/?((d+

2)/2))/(x(d + 2)).

Variance The variance of the plug-in estimator Iis given by

Var(I) = ¢, (%) +o0 (% + %) ;

where

o = var i (BZL00)).

fXY(X7 Y)

is a constant which depends on the underlying density. fxy.

Asymptotic distribution Let Z be a standard normal random variable. Then,

lim Pr (M < a) = Pr(Z < a).

N,M—oc0
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6 Simulations

We consider the problem of Shannon entropy estimation for a 2 dimensional distribution.
We consider two different types of densities:

1. Uniform distribution

2. 2 dimensional mixture density f,, = pfs+ (1 —p)fu; fs: Beta density with parameters
a=4b=4; f,: Uniform density; Mixing ratio p = 0.8

The first set of simulation results illustrates that the corrections suggested for density estim-
ates close to boundaries indeed works. The second set verifies the theoretical results on the
bias, variance and central limit theorem.

6.1 Boundary correction

For a fixed partition of N = 1000 and M = 9000, we vary the bandwidth parameter k and
plot the variation of bias of the entropy estimator for these two distributions. This is shown
in Fig.

The uniform density clearly suffers from boundary effects. As discussed earlier, the theoret-
ically predicted bias (ignoring higher order terms) for this estimator is 1/2k for the uniform
distribution. From the figure, it is clear that the bias corrected entropy estimator agrees
well with the theoretical prediction for the uniform distribution. On the other hand, there is
significant discrepancy between the bias observed in the uncorrected estimator and the pre-
dicted bias, as we should expect. In fact, the bias of the uncorrected estimator increases with
increasing k, which is in direct contrast to the theoretically predicted trend of 1/2k. This
can be attributed to the fact that as k& increases, the fraction of boundary points increase,
which in turn results in the bias contribution from these boundary points to increase.

On the other hand, for the mixture density, both the uncorrected and corrected estimators
agree well with the theoretical prediction. This can be attributed to the fact that for the
mixture density, the fraction of boundary points is much smaller as compared to the uniform
density (because the probability density has very small mass towards the boundary of the
support of the density). As a result, the boundary corrected estimator does not show any
significant improvement over the uncorrected estimator in this case.

6.2 Validation of theory

To validate our theory, we once again use the 2D mixture density defined above. In the
first experiment, we plot experimentally obtained and theoretically computed bias for fixed
N,M. The results are shown in Fig. [6(a)] The theoretically predicted optimal choice of
k minimizes the experimentally obtained bias curve. Our theory can therefore be used to
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Figure 5: Variation of bias of estimated Shannon entropy vs k for fixed N = 1000,M=9000.
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Figure 6: Optimal parameter selection.

specify bandwidth parameters for minimum bias. In the next experiment, we plot experi-
mentally obtained and theoretically computed MSE for fixed 7. The results are shown in
Fig. . The theoretically predicted optimal choice of M and N minimizes the experiment-
ally obtained MSE curve. Our theory can therefore be used to specify optimal partitioning
of sample space for minimum MSE. Finally, we show the Q-Q plot of the normalized MI
estimate and the standard normal distribution in Fig. [6.2] The linear Q-Q plot validates our

theorem on asymptotic normality of the plug-in estimator.
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Figure 8: Variation of M.S.E. with sample size and corresponding confidence intervals for
Rényi plug-in estimator.

6.3 Comparison of estimators

For comparison purposes, we estimate Rényi entropy using the estimator H,, described in
Section for the choice o = 0.5. We compare the M.S.E. performance of our estimator
with the entropic graph estimator of Hero et.al. [I1], the k-nearest neighbor estimator of
Leonenko et.al. [I§] and the weighted k-nearest neighbor estimator of Liitidinen et.al. [16].

Finally, using the CLT, we plot the 95% confidence intervals for our estimator as a function
of sample size in Fig. [8(b)

6.4 Effect of dimension

As a final experiment, we plot the ratio of the variance against the squared bias and the
ratio of the optimal choice of k over M and the optimal choice of N over M as a function
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of dimension for the Rényi plug-in estimator. The results in Fig. [9] show that the bias
becomes dominant as dimension increaces as predicted by theory. In addition, the optimal
neighborhood size k/M and the ratio of optimal samples allocated for functional estimation
N compared to density estimation M decreace as a function of dimension in accordance with
theory.

‘ -8~ Ratio of optimal N over M
-8 Ratio of optimal k over M

0 -8-Ratio of variance over squared bias

-
o
n
n
o
o wr-
w
o
IS
I
o
o

Figure 9: Variation of ratio of variance w.r.t bias, and optimal parameter choices as a function of
dimension d for Rényi plug-in estimator. 7" = 10000.

7 Application to anomaly detection in wireless sensor
networks

We apply our theory to the problem of anomaly detection in wireless sensor networks. The
experiment was set up on a Mica2 platform, which consists of 14 sensor nodes randomly
deployed inside and outside a lab room. Wireless sensors communicate with each other by
broadcasting and the received signal strength (RSS), defined as the voltage measured by
a receiver’s received signal strength indicator circuit (RSSI), was recorded for each pair of
transmitting and receiving nodes. There were 14 x 13 = 182 pairs of RSSI measurements
over a 30 minute period, and each sample was acquired every 0.5 sec. During the measuring
period, students walked into and out of lab at random times, which caused anomaly patterns
in the RSSI measurements. Finally, a web camera was employed to record activity for ground
truth.

The mission of this experiment is to use the 182 RSS sequences to detect any intruders
(anomalies). We note that the ground truth indicator is only for evaluating the detecting
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Figure 10: ROC curve for sub-optimal and optimal entropy estimators. The performance of
the optimal estimator is clearly superior to the performance of the sub-optimal estimator.

performance and the detection schemes presented here are conduct in a completely unsu-
pervised way. To remove the temperature drifts of receivers we pre-process the data by
removing their local mean values. Let x;[n| be the n-th sample of the i-th signal and de-
note z[n| = (x1[n],..., x152[n]). Due to temperature drifts, certain trends exist in x[n].
We de-trend the data by y[n] = z[n] — Z[n] yielding y[n] for anomaly detection, where
Z[n] = (2m +1)7' 327%™ 2[n] is the local mean value. We set m = 50 in this experiment.

We now estimate the Rényi entropy H;[n] for the choice o = 0.5 for each 1-dimensional
sequence y[n] using the estimator H,, described in Section . We perform anomaly detection
by thresholding the entropy estimate H;[n]. A time sample is regarded to be anomalous if
the entropy estimate H;[n] exceeds a specified threshold. We estimate the Shannon entropy
for different choices of parameters {k, N, M} including the optimal choice {kopt, Nopt, Mopt }-

In this experiment, the estimated constants ¢; and ¢y are of opposite signs. The optimal
choice of k is given by ko = [koM ﬁj where kg = (|ea]/ |cl|)Ti2 Because the dimension
d =1, the optimal choice of N and M is given by Ny, = /c4/c5Myp which in turn implies
Mop = (1/(1 + \Jeafes)T) and Nopy = T — Moy = (\/ca/cs5/(1 + /ca/cs)T). We find the
optimal partition to be M,, = 84, Ny, = 182 — 84 = 98. The corresponding k,, for this
optimal partition is kop = 46.

ROC curves corresponding to a sub-optimal estimator and the optimal plug-in estimator
are shown in Fig. in addition to the ROC curves using the subspace method of Lakh-
ina et.al. [I3] and the covariance based estimator of Chen et.al. [5]. It is clear that the
detection performance using the optimal estimator is superior to the performance using the
sub-optimal estimator and is marginally better than the subspace subspace and covariance
based estimators of Lakhina et.al. and Chen et.al. respectively.

In Fig. [L1(a), the Area Under the ROC curve (AUC) is shown for varying choices of k for
fixed partition {N = 72, M = 110}. In Fig. [11(b), AUC is shown for varying choices of
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Figure 11: Variation of AUC with parameters {k, N, M }.

partition { N, M} with & being chosen optimally for each partition.

8 Application to structure discovery

Discovering structural dependencies among random variables from a multivariate sample is
an important task in signal processing, pattern recognition and machine learning. Based on
dependence relationships, the density function of the variables can be modeled using factor
graphs. When the sample is highly structured, the corresponding factor graph configuration is
sparse. Sparse factor graphs correspond to joint multivariate distributions which separate into
a parsimonious product of few lower dimensional distributions. The inherent low-dimensional
nature of this product leads to a compact representation of the variables having sparse factor
graph configurations.

In practice, these structure dependencies have to be discovered from sample realizations of
the multivariate distribution. Discovering dependencies when parametric probability density
models are not known a priori is an important restriction of the above problem. For paramet-
ric distribution estimates, the errors are of order O(1/N) if the true distribution is included
in the parametric model. If not, a non-vanishing bias will dominate the error yielding an
even higher error than that of a nonparametric distribution estimate (e.g. kNN estimates).
In this restricted setting, recourse is therefore taken to nonparametric methods.

Chow et.al. [6] proposed an elegant solution to structure discovery of Markov tree distribu-
tions and provided a nonparametric algorithm to obtain the optimal tree. Ihler et.al. [12]
developed the method of nonparametric hypothesis tests for structure discovery.

Nonparametric methods, while asymptotically consistent, can uncover incorrect factor graph
structure when estimated from a finite number of samples. This is distinctly true for small
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sample sizes. While consistency is an important qualitative property, there is clearly an
important motivation for quantitative characterization of performance in structure discovery.
In this work, we analyze factor graph structure discovery in the finite sample size setting.

We present a class of k-nearest neighbor (kNN) based nonparametric geometric algorithms
to discover factor graph structure among variables. We provide results on mean square error
of the nonparametric estimates, which can be optimized over free parameters, thereby guar-
anteeing improved correct structure discovery. In addition, we provide confidence intervals
on these nonparametric estimates to determine the probability of false error in choosing an
incorrect structure model. These results are an direct extension of our work on optimized
nonparametric estimates of divergence measures introduced earlier.

As a consequence of our statistical analysis, we introduce the notion of dependence-based
dimension for factor graph models and show that comparing models within the same di-
mension class is an easier task with lower probability of false error as compared to comparing
models across different dimensions.

8.1 Factor graphs

Factor graphs are bipartite graphs used to represent factorizations of probability density func-
tions. Consider a set of variables X = {X;, Xy, ..., Xr} and let {S; C {X1,Xs,..., X,,},j =
1,...,m} be a set of subsets of X. Let g(X1,..., X7) denote a probability density function
on the random vector X. For the factorization g(Xy,..., Xr) = [[}Z, f;(S;) of the density
function, the corresponding factor graph G = (X, F, F) consists of variable vertice’s X ,
factor vertices’s F' = {fi, fo, ..., fm}, and edges E. The edges in the factor graph depend on
the factorization as follows: there is an undirected edge between factor vertex f; and variable
vertex X when X C 5.

8.2 Factor graph discovery

Problem statement: Consider a set of factor graphs {g;(Xi,..., Xr),i =1,...,1}. We
seek to find the factor graph configuration from this set that best models the data.

The Kullback-Leibler (KL) divergence measure induces a geometry on the space of prob-
ability distributions. On this induced geometry, we naturally define the best factor graph
configuration g, to be the one closest to the actual distribution p(Xj,..., Xr) in terms of
KL divergence (c.f. [6]).

go = arg min KL(png) = arg min Hc(p7 gi)> (23)

9i gi

where H.(p,g;) = — [ plog g; is the cross-entropy between p and g¢;. In practice, these cross-
entropy terms have to be estimated from the finite data sample. Errors in estimation of
cross-entropy terms can result in incorrect factor graph discovery.
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The problem considered by [6] is a specific instance of discovering factor graph structure.
For the class of Markov tree factor graphs considered by [6], the cross entropy reduces to
a sum of pairwise Shannon mutual information terms between variables with edges in the
Markov tree. In their work, they empirically estimate the mutual information terms from the
data using nonparametric estimators which are consistent. However, they do not take into
account the error in the mutual information estimates when estimated from finite samples.

8.3 Disjoint factor graph discovery

In order to illustrate the effect of nonparametric estimation from finite sample size on factor

graph discovery, we restrict our attention to disjoint factor graphs ([12]). Fori =1,...,1,
let .
9:/(X1, Xs, ..., Xp) = [ [ (S, (24)
j=1

where S J@ N S,(:) = ¢ whenever j # k, and p(.) denotes the marginal density function. In this
case of disjoint factor graphs, the cross-entropy takes the following simple form:

He(p,g) = H(S\), (25)

where H (S J(Z)) is the Shannon entropy of the variables S j@ under the true distribution p.

For example, consider the disjoint factor graph g(Xi, ..., X5) = p(X1, X2)p(X3)p(Xy4, X5).
The cross-entropy for this factor graph is given by H.(p, g) = H (X1, Xo)+H (X3)+H (X4, X5).
Consider two disjoint factor graph configurations: (a) n(Xy,...,Xr) = [[2, f(R;) and (b)
I(X1,..., Xr) = [ f(S;). Denote the dimension of R; by dj and S; by d}. We note
that > dz(»n) = Z;”jl d;l) = T. Based on the above formulation, in order to compare the

two potential factor graph models n and [, we need to compare the respective cross-entropy
terms. The cross entropy test is stated below.

Cross entropy test: The cross entropy test to compare between models n and [ is given
by

H,(p,n) — Hy(p,1) = Zl H(R;) =Y H(S;)20. (26)

7j=1
We estimate these entropy terms in the test statistic H.(p,n) — H.(p,l) from sample realiz-
ations using kNN plug-in estimators introduced earlier.

8.4 FErrors in factor graph discovery

To illustrate the effect of estimation error in factor graph discovery, again consider the two
factor graph models n(Xy,..., Xr) = [[[Z} f(R) and (X1, ..., X7) = [[}2 f(5;).
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The cross entropy test (Eq. between models n and [ is H.(p,n) — H.(p,) Z0. We replace
this optimal cross entropy test with the following surrogate cross entropy test:

Hilp.) — Hlp.) = 3 F(R) ~ SO A(8,) 20 @)

where we estimate entropy terms H(R;) or H(S;) using independent realizations of the
underlying density p. To elaborate, if we have V' samples {X WX (V)} from the density
p, we partition these V' samples into m; + my disjoint subsets of size N + M each. This
implies that N + M =~ V/(my + m2). We then use each subset to estimate entropy using the
partitioning strategy as discussed earlier.

Denote the coefficients corresponding to the entropy estimate H (R;) of the subset of variables
R; in the factor graph model n by ¢,,;1, ¢,,2 and ¢,,4. Using the theorems established in this
report, we have the following results:

Mean: The mean of this surrogate test statistic is then given by

~ ~

EP[HC(p7 n)— H.(p,l)] = H.p,n)— Hep,I)
(n) (1)
mi1 k 2/d; ma k 2/d;
+ ;le (M) - ;Cljl (M)

my ma
+ chﬂ/k_zclﬂ/k- (28)
=1 Jj=1

Variance: The variance of the surrogate test statistic is then given by the sum of the variance
of the individual entropy estimates (by independence)

Vp[ﬁC(p» n)— ]’L(p,l)] = (Z Cnia t ZCZJA) (%) - (29)

1=

Weak convergence: Again, by independence of the individual entropy estimates, we have
the following weak convergence law

lim Pr \/N(HCQ?? TL) _ H0<p7 l) B Ep[ﬁc(p7 n) — ﬁc(pJ)]) <al =Pr (Z < Oé), (30)

N,M—00 \/Vp[ﬁc(p, n) — I‘L(p, )] <

where Z is standard normal.

8.5 Discussion

From the above expressions for the mean, variance and weak convergence law of the surrogate
test statistic, we make the following observations:
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. The bias term is dependent on the dimension of the factors of the factor graph models
dg”) and dgl). The variance term is independent of dimension. Furthermore, it is clear

that the bias term dominates the MSE as the dimension of the factors grows.

. For better performance in discovering factor graph structure using cross entropy tests,
it is clear that we want the MSE of the surrogate test statistic to be small. A significant
route to achieving this is to get the bias from each factor graph cross entropy estimate
in the estimated test statistic to cancel. This is to say, we want

E,[H.(p,n) — Ho(p, )] ~ H, (p,m) = He(p,1)
= E,[H.(p.n)] — He(p,n) ~ E,[H.(p,1)] — H.(p,1)

my k 2/d§") my k 2/d§. ) ma
e (B S~ S (£) San @
i=1 i=1 J=1 j=1

. This cancellation effect will be maximized when the dimensions of the factor graF
subsets I?; and S; match. That is to say, we want m; = my and furthermore di b,
In this case, the bias from each cross entropy estimate are of the same order and Wlll

nearly cancel.

On the other hand, when there is a mismatch in dimension, the bias from one cross
entropy estimate will dominate the bias from the other cross entropy estimate, resulting
in significant bias in the surrogate test statistic.

In both these cases, the variance of the surrogate test statistic will be of the same order
O(1/N).

. This gives rise to notion of multivariate dimension for factor graphs. Index the fac-
torizations according to the vector E = [eq, ea, ..., €], Where e; is an integer between 0
and T that counts the number of factors of order i, i.e. involving a marginal density
over ¢ variables. The dimension F of factor graph configurations partitions the factor
graphs into equivalence classes having nearly constant cross entropy estimate bias.

For two factor graph models n and [ with dimensions F,, and E;, we will refer to n as a
higher dimensional model relative to [ if the last non-zero entry of F, — Ej is positive.

. As discussed earlier, the bias will not be a significant factor when comparing models
over an equivalence class having fixed values of E. On the other hand, the bias will
be significant when comparing models across different values of F, resulting in higher
probability of error in factor graph discovery.

. Prior knowledge of the equivalence class will therefore translate into much improved
performance in factor graph discovery as compared to prior knowledge that mixes
between equivalence classes.

. We note that the number of samples required to maintain a constant level of bias grows
geometrically with dimension E.
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8. Using the expressions for the bias and variance of the surrrogate test statistic, we can
optimize over the free parameters: (a) the choice of partition N and M for fixed total
sample size N + M and (b) the choice of bandwidth parameter k, for minimum MSE.

9. Using the weak convergence law, we can theoretically predict the probability of choosing
model n over model [ using the surrogate cross entropy test.
8.6 Experiment
We illustrate the implications of our analysis with a toy example. Let fz(z,a,b,d) denote a
beta density of dimension d with parameters a and b. Now let f,(z,d) = 0.5f3(z,5,2,d) +

0.5f5(x,2,5,d) be a mixture of beta densities. When d > 1, the mixing of densities ensures
there is strong dependence between the variates.

Y ow
®e
o

Figure 12: True factor graph representation of the 5-dimensional joint density p(Xi,...,X5) =
f,u,(Xla ]-)fu(XQa ]-)fM(X37 1)fM(X47 X5a 2)

We draw V = 10° independent sample realizations from the joint density p(X7,..., X5) =
Ju(X0, ) fu(Xo, 1) fu(X5, 1) fu(Xa, X5, 2).

E True False

| [1,0,0,1,0] f(Xl,XQ,X4,X5)f(X3) f(Xl,Xg,Xg,X4)f(X5)
m | [1,2,0,0,0] | f(X1,Xo)f(Xa, X5)f(X3) | f(X1,X3)f( X2, X4)f(X5)
3,1,0,0,0] | f(X4, X5)f(X0)f(Xo)f(X3) | f(Xa, Xa)f(X1) f(X5)f(X5)

=

Experiment The table above shows six different factor graph models. We compare each
true model against each false model. Denote the true models by Ir, mr and ny and the
corresponding false models by [z, mp and np. We note that the true cross entropy terms
H.(p,lr) = H.(p,mr) = H.(p,nr) and H.(p,l;) = H.(p,my) = H.(p,ny). This guaran-
tees level playing field when comparing each true model against each false model using the
surrogate cross entropy test.
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For the surrogate cross entropy test, we set N = .2 % 10*, M = .8 x 10* and k£ = 20. We note
that the maximum value of my + ms for the above set of tests is 8 and that V/8 > (N + M).
This choice of N and M therefore ensures that there are enough samples V' to guarantee
sufficient number of independent samples for estimating individual entropies (see Section 5).

The table below lists the probability (experimental/theoretical predictionED of choosing the
false model over the true model for the various tests.

Same true vs Same false lr vs lp mr VS mp ny VS N
Error (Exp/Theor) 0.071/0.032 | 0.067/0.066 | 0.068/0.028

High true vs Low false lr vs mp lr vs ng mr VS Ng
Error (Exp/Theor) 0/0 0/0 0/0

Low true vs High false mry vs lp nr vs lp nr vs mp
Error (Exp/Theor) 0.689/0.732 | 0.995/1.000 | 0.691/0.665

Explanation For the class of models above, the set of constants {cnil,cljl} are always
negative. As a result, when comparing a high dimensional model to a low dimensional
model, the additional bias will strongly tilt the test statistic towards the higher dimensional
model. As a result, there is a greater chance of detecting the higher dimension model in the
surrogate cross entropy test, irrespective of whether the higher dimensional model is true or
false.

To elaborate, when the high dimensional model is true and the low dimensional model is
false, the bias will further tilt the test statistic towards the high dimensional model, resulting
in zero false detections. On the other hand, when the low dimensional model is true, the
bias in the surrogate test statistic deviates towards the high dimensional model, resulting in
a high number of false detections. When we compare factor graph models within the same
class of dimension, the bias from the cross entropy estimates for each model nearly cancel,
resulting in a surrogate test statistic with much smaller bias as compared to the above two
cases. As a result, the number of false detections is correspondingly low when comparing
models within the same dimension.

By the same argument, for factor graph models where the set of constants {cp1,c;1} are
positive, we can conclude that the surrogate test statistic will be biased towards lower di-
mensional models.

9 Application to intrinsic dimension estimation

In this work we introduce a new dimensionality estimator that is based on fluctuations of the
sizes of nearest neighbor balls centered at a subset of the data points. In this respect it is sim-
ilar to Costa’s k-nearest neighbor (kNN) graph dimension estimator [7] and to Farahmand’s

!The theoretical prediction requires estimation of constants ¢;,1,c;,2 and ¢;,3. These constants were es-
timated from the data using oracle Monte Carlo methods which utilized the true form of the density p. In
practice, when the true form of p is never known, we adopt methods given by [22] to estimate these constants
from data.
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dimension estimator based on nearest neighbor distances [10]. The estimator can also be re-
lated to the Leonenko’s Rényi entropy estimator [14]. However, unlike these estimators, our
new dimension estimator is derived directly from a mean squared error (M.S.E.) optimality
condition for partitioned kNN estimators of multivariate density functionals. This guaran-
tees that our estimator has the best possible M.S.E. convergence rate among estimators in
its class. Empirical experiments are presented that show that this asymptotic optimality
translates into improved performance in the finite sample regime.

9.1 Problem formulation

Let Y = {Y1,...,Yr} be T independent and identically distributed sample realizations in
RP distributed according to density f. Assume the random vectors in Y are constrained
to lie on a d-dimensional Riemannian submanifold 8§ of R” (d < D). We are interested in
estimating the intrinsic dimension d.

9.2 Log-length statistics

Let v > 0 be any arbitrary number and a = «y/d. Partition the T samples in Y into two
disjoint sets X and Z of size |7/2] each. Denote the samples of X as X = {Xy,..., X|7/2}
and Z as Z ={Zy,...,Zir)2}

Partition X into IV 'target’ and M 'reference’ samples {X;, ..., Xy} and {Xni1,..., X|7/2}
respectively with N + M = |T'/2|. Partition Z in an identical manner. Now consider the
following statistics based on the partitioning of sample space:

LX) = 7 2 log (Ru(X:)

where Ry (X;) is the Euclidean k nearest neighbor (kNN) distance from the target sample X;
to the M reference samples {Xn1,...,X|7/2/} . This partitioning of samples is illustrated

in Fig.

9.3 Relation to kNN density estimates

Under the condition that k/M is small, the Euclidean kNN distance Ry(X;) approximates
the kNN distance on the submanifold 8. The kNN density estimate [19] of f at X; based on
the M samples Xy 1,...,Xyi is then given by

A kE—1 1 E—-1 1

k(1) M cRi(X))d M V(X))
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o N target samples
= M reference samples
—kNN edges

Figure 13: kNN edges on sphere manifold with uniform distribution for d = 2, D = 3, and

k=5.

where ¢, is the volume of the unit ball in d dimensions and therefore Vi (X;) is the volume
of the kNN ball. This implies that Ly (X) can be rewritten as follows:

Ly (X)

i=1
« N
k—1 1 —o
log (M—> + N ;log (fk(XZ)>
N
alog(k —1) — = logfi(X))
i=1
—alog(cqM). (32)

As eq. indicates, the log-length statistics is linear with respect to log(k — 1) with a slope
of a. This prompts the idea of estimating « (and later d) from the slope of Ly (X) as a

function of log(k — 1).
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9.4 Intrinsic dimension estimate based on varying bandwidth &

Let k1 and ko be two different choices of bandwidth parameters. Let Ly, (X) and Ly, (Z) be
the length statistics evaluated at bandwidths k; and ky using data X and Z respectively. A
natural choice for the estimate of o would then be

Lk2<z’> - Lkl (DC)
log(ky — 1) — log(ky — 1)

~

N
y ) .
_.a+qV;;@%ﬁ*Z”‘bgﬁN&U
= a+ (B, (2) - By, (X)),
where

Bul) = 3 log(f(X0),

and v = —a/log((ky — 1)/(k1 — 1)). The intrinsic dimension estimate is related to & by the

~

simple relation d = v/a.

9.5 Statistical properties of intrinsic dimension estimate

We can relate the error in estimation of « to the error in dimension estimation as follows:

A 1 1
d‘d::”<5—a>

. a—a
B 8o
= —La—a)+oa—a)
= ,
Define x = —yv/a?. We recognize that the density functional estimate Ey(X) is in the form

of the plug-in estimators introduced in this report. Using the results on the bias, variance and
asymptotic distribution of the density functional estimate Ek(f)C) established in this report
and the above relation between the errors d — d and & — o, we then have the following
statistical properties for the estimate d:

Eld —d = ke, ((%)M— (%)M)

Estimator bias



Estimator variance
A 1 1 1
d) = 2x%, (= —+=.
V(d) /{CU<N)+0(M+N)

Central limit theorem

Let Z be a standard normal random variable. Then,

. d — E[d]
Iim Pr| ——— < a | =Pr(Z < a).
N,M 00 ( /2/<a2cv/N - ) (Z<a)

9.6 Optimal selection of parameters

We have theoretical expressions for the mean square error (M.S.E) of the dimension estimate
d, which we can optimize over the free parameters ki, k2, N and M [24]. We restrict our
attention to the case ko = 2k; ky = k. The M.S.E. of d (ignoring higher order terms) is given
by

M.S.E.(d) = (E[d —d)?+V[d]

_ ( (L) +a (;))2
+ G <%> | (33)

where Gy, = k2471 C,, = /4 and C, = 2k?c,.

Optimal choice of bandwidth
The optimal value of £ w.r.t the M.S.E. is given by
kope = |koM74]. (34)

where the constant ky = (|C’b2|d/2|C’bl|)ﬁi2.

Optimal partitioning of sample space

Under the constraint that N + M = |T'/2] is fixed, the optimal choice of N as a function of
M is then given by

Nop = | NoM 73 |, (35)

Co(2+d)

where the constant Ny = Y—-
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9.7 Improved estimator based on correlated error

Consider the following alternative estimator for a:
S L)L)
10g(l€2 — 1) — log(k:l — 1)
= a+ R<Ek2 (:X:) - Ekl <x>>7

and the corresponding density estimate d which satisfies

~ ’y - N
d-d=-—(a—a)+o(d@-—a),

o

where both the length statistics at bandwidths k; and ks are evaluated using the same
sample X . The density functional estimates By, (X) and Ej, (X) will be highly correlated (as
compared to the independent quantities By, (X) and Ey,(Z)). This implies that the variance
of the difference By, (X) — Ex, (X) will be smaller when compared to By, (Z) — Ey, (X), (while
the expectation remains the same).

Since the estimator bias is unaffected by this modification, the variance reduction suggests
that d will be an improved estimator as compared to d in terms of M.S.E.. In order to obtain
statistical properties for the improved estimator d (equivalent to the properties developed in
Section for the original estimator 3)7 we need to analyze the joint distribution between
fi,, (X;) and fi, (X ;) for two distinct values k; and ky. Our theory, at present, cannot address
the case of distinct bandwidths k; and ks.

Since the estimate d has smaller M.S.E. compared to d, M.S.E. predictions for the estimate
d can serve as upper bounds on the M.S.E. performance of the improved estimate d.

9.8 Simulations

We generate T' = 10° samples B drawn from a d = 2 mixture density f,, = .83+ .2f,, where
fs is the product of two 1 dimensional marginal beta distributions with parameters a = 2,
B = 2 and f, is a uniform density in 2 dimensions. These samples are then projected to a
3-dimensional hyperplane in R? by applying the transformation Y = UB where U is a 3 x 2
random matrix whose columns are orthonormal. We apply our intrinsic dimension estimates
on the samples Y.

Optimal selection of free parameters

In our first experiment, we theoretically compute the optimal choice of k for a fixed partition
with M = 3.5 x 10* and N = 1.5 x 10*. We then show the variation of the theoretical
and experimental M.S.E. of the estimate d and the experimental M.S.E. of the improved
estimate d with changing bandwidth £ in Fig. . In our second experiment, we compute
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Figure 14: Comparison of theoretically predicted and experimental M.S.E. for varying choices
of k. The experimental performance of the estimator d is in excellent agreement with the
theoretical expression and, as predicted by our theory, the modified estimator d significantly
outperforms d.

the optimal partition according to eq. and show the variation of M.S.E. with varying
choices of partition in Fig.

From our experiments, we see that there is good agreement between our theory and sim-
ulations. As a consequence, we find the theoretically predicted optimal choices of k, Nand
M to minimize the observed M.S.E.. In addition, as predicted by our theory, the modified
estimator d significantly outperforms d. The theoretically predicted M.S.E. for d therefore
serves as a strict upper bound for the M.S.E. of the improved estimator d.

Comparison of dimension estimation methods

We compare the performance of our proposed dimension estimators to the estimated proposed
by Frahmand et. al. [I0] (denote as ds) and Costa et. al. [7] (denote as d;).

Expressions for the optimal bandwidth & (eq. (34)) and partition N, M (eq. (35))) depend on
the unknown intrinsic dimension d and constants c,,, ¢, and ¢, which depend on unknown
density f. The constants ¢, ¢, and ¢, can be estimated from the data using plug-in
methods similar to the ones used by Raykar et. al. [22] for optimal bandwidth selection for
kernel density estimation . To establish the potential advantages of our dimension estimators
we compare an omniscient optimal form of our estimator, for which the true values of these
constants are known, to a suboptimal form of our estimator that does not know the constants.

For the optimal estimator, we theoretically compute the optimal choice for k, N and M
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Figure 15: Comparison of theoretically predicted and experimental M.S.E. for varying choices
of M. The experimental performance of the estimator d is in excellent agreement with the
theoretical expression and, as predicted by our theory, the modified estimator d significantly
outperforms d.

for different choices of total sample size T (sub-sampled from the initial 105 samples), and
use these optimal parameters for the estimators d and d. We use this optimal choice of
bandwidth k& for the estimators af and &j as well (partitioning not applicable). For the
suboptimal estimator, we arbitrarily choose the parameters as follows: fixed £ = 20, N =
T/50, M = |T/2] — N

The performance of these estimators as a function of sample size T is shown in Fig. (16}
Estimators with optimal choice of parameters are indicated in solid line, and the suboptimal
estimators are indicated in dashed lines.

From our experiments we see that the performance of the original estimator d with sub-
optimal choice of parameters is marginally inferior when compared to the estimator with
optimal choice of parameters. This does not hold for the other estimators as can be expected
since the parameters are optimized w.r.t. the performance of d.

We note that the improved estimator d outperforms all other estimators while the perform-
ance of our orlglnal estimator d is sandwiched between df and d We conjecture that the
performance of d is superior to d for the same reason that d outperforms d: correlated error
between dlfferent length statistics.
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Figure 16: Comparison of performance of dimension estimates (Solid line: Optimal (optimal
choice of k,N and M as per eq. and eq. (35))); Dashed line: Suboptimal (fixed k& = 20,
N =T/50, M = |T/2| — N)): The proposed improved kNN distance estimator outperforms
all other estimators considered.

Costa estimator
10 T T T T T

© 5

0 Il Il Il Il Il
0 300 400

Levina andd Bickel estimator
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Figure 17: Comparison of performance of dimension estimates for anomaly detection in
Abilene network data.

Anomaly detection in Abilene network data

Anomalies can be detected in router netowrks by estimating the local dimension at each time
point and monitoring change in dimension. The data used is the number of packets sent by
each of the 11 routers on the abiline network between January 1-2, 2005. A sample is taken
every b minutes, leading to 576 samples with an extrinsic dimension pf 11.

The performance of different dimension estimators is shown in Fig. [I7, We know that sim-
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ulataneous peaks in router traffic should imply strong correlation between the routers and
therefore lower intrinsic dimension. This behaviour is clearly reflected better by the optimized
estimator as compared to the estimator of Costa et. al. [7] and Levina and Bickel [15].

10 Conclusion

Development of theoretical performance predictions for estimators of functionals of densities
is important. We proposed plug-in estimators for smooth non-linear functionals of densities.
We derived the bias, variance and mean square error of the estimator in terms of the sample
size, the dimension of the samples and the underlying probability distribution. In addition,
we developed a Gaussian central limit result for these estimators. In addition, we established
rates of convergence of these plug-in estimators to the Gaussian distribution.

Our theory has two important by-products: (1) We established similarity between the mo-
ments of kNN density estimates and kernel density estimates. This in turn implies that
plug-in estimators based on ANN density estimators and kernel density estimators have
asymptotically equal rates of convergence. (2) We developed an algorithm for detection
and correction of density estimates at boundary points for densities with finite support. This
correction helps reduce the bias of density estimates at the boundaries of the support of the
density, thereby reducing the overall bias of the plug-in estimators.

We verified the validity of our theorems through simulations. We applied the results de-
veloped in this report to specify optimal choice of bandwidth parameters and optimal parti-
tioning of data samples, one part of which is used for density estimation while the remaining
is used for functional estimation. We applied our theory to obtain statistical convergence
results on estimators of entropy and mutual information and illustrated the applicability of
our theory for determining confidence intervals of MI estimates.

We applied our theory to the problem of estimating Shannon entropy and Shannon mutual
information. Furthermore, we used the Shannon entropy estimator to discover structure in
high dimensional data and to determine the intrinsic dimension of data samples.

As a consequence of our work, we can tune the parameters of the plug-in estimator for
optimal performance. Furthermore, we can specify the necessary sample size required to
obtain requisite accuracy. This in turn can be used to predict and optimize performance
in higher level applications like structure discovery and dimension estimation. This is not
possible using current estimation methods in literature and underlines the significance of the
results established in this work.
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Appendices

A Uniform kernel density estimation

Throughout this section, we will derive results on moments of the uniform kernel density
estimates for points in the set 8 = {X : Su(X) C 8}. This definition implies that the
density f has continuous partial derivatives of order 27 in the uniform ball neighborhood for
each X € 8 where r satisfies the condition 2r(1 —¢)/d > 1. This excludes the set of points
close to the boundary of the support, where the continuity assumption of the density is not
satisfied. We will deal with these points in Appendix C.

Let Xy, .., X s denote M i.i.d realizations of the density f. We will assume that f is continu-
ously differentiable evrywhere in the interior of the sWe seek to estimate the density at X
from the M i.i.d realizations Xy, .., Xj;. Let ¢; denote the volume of a unit hyper-sphere in
d dimensions. The uniform kernel density estimator is defined as follows:

A.1 Uniform kernel density estimator

The uniform kernel density estimator is defined below. The volume of the uniform kernel is
given by

Vu(X) = % (36)

and the kernel region is given by
Su(X) ={Y g | X = Y|4 <V, }. (37)
1,(X) denotes the number of points falling in S, (X)
Lu(X) = 2 1xes.x); (38)
and the uniform kernel density estimator is defined by

e lu(X)

fu(X) = ———=. 39
The coverage of the uniform kernel is defined as
U(X) = / F(2)dz = Eflzes, ). (40)
Su(X)
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We observe that 1,(X) is a binomial random variable with parameters M and U(X). Figure
illustrates the uniform kernel density estimate.

Figure 18: Uniform kernel density estimator.

A.2 Taylor series expansion of coverage
We assume that the density f has continuous partial derivatives of third order
in a neighborhood of X. For small volumes V,,(X) (which is equivalent to the condition that

k/M is small), we can represent the coverage function U(X) by using a third order Taylor
series expansion of f about about X [19].

U(x) = / @
= FEOVA(X) + e(X)VIA(X) + o(VI2(X))

= gean() () ). m
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where ¢(X) = T (2E2)¢r[V2(f(X))).

A.3 Concentration inequalities for uniform kernel density

Because 1,,(X) is a binomial random variable, we can apply standard Chernoff inequalities to
obtain concentration bounds on the density estimate. 1,(X) is a binomial random variable
with parameters M and U(X).

A.3.1 Concentration around true density

For 0 <p<1/2,
Pr(1y(X) > (14 p)MU(X)) < e MUK /4, (42)

and
Pr(lu(X) < (1 — p)MU(X)) < e MUKW /4, (43)

Using the Taylor expansion of coverage, we then have

~

Pr(fa(X) > (1+p)(f(X) + O((k/M)*/7))) S~ e PO, (44)

and
Pr(fu(X) < (1= p)(F(X) + O((k/M)?/4))) S~ PRI/, (45)

This then implies that

A

Pr(fa(X) > (1+p) (X)) <~ e PO (46)

and

~

Pr(fa(X) < (1= p)f(X)) <~ e PO, (47)

Let X be a random variable with density f independent of the M i.i.d realizations Xy, .., Xj;.
Then,

A ~

Pr(fu(X) > (1+p)f(X)) = Ex[Pr(fu(X) > (1+p)f(X))]
E[~ (e—p2kf(X)/4)]

~ o PR, (48)

IN

and

Pr(fy(X) < (1-p)f(X)) Ex[Pr(fa(X) < (1 - p)f(X))]
E[~ (e—kaf(X)/4)]

~ e PR (49)

IN
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A.3.2 Concentration away from 0

We can also bound the density estimate away from 0 as follows:

Pr(fy(X) =0) = Ex[Pr(fu(X) = 0]

(1

(1= (kf(X) + o(k)/M)"]

(1 = (kf(X) + o(k) /M )M/ (kFX)Fok) kf(X)+o(k)]
(

~e " (50)

A.4 Central Moments

Define the error function of the uniform kernel density,
eu(X) = fu(X) - E[fu(X)]. (51)
The probability mass function of the binomial random variable 1,(X) is given by

M

P =) = ()

)<U<X>>lw<1 CU(x)Mk,

Since 1,(X) is a binomial random variable, we can easily obtain moments of the uniform
kernel density estimate. These are listed below.

First Moment:

Ef(X)] - /() = 2u(x) - f(X)

Second Moment:

= U0 - U(X))
- f(X)% to (%) . (53)
Higher Moments: For any integer r > 3,
Ele[(X)] = O (ﬁ) . (54)



A.5 Covariance

Let X and Y be two distinct points. Clearly the density estimates at X and Y are not
independent. We expect the density estimates to have positive covariance if X and Y are
close and have negative covariance if X and Y are far. This is illustrated in Figure

«  Original Samples

.
Additional Samples

Ofses w0 owmeoemedlc moMlee  mmiommamiesss  seeaeme o erese ¢ ares e me stmrs v s s semem e ser e w ser |

Figure 19: Covariance between uniform kernel density estimates.

Observe that the uniform kernels are disjoint for the set of points given by ¥, := {X Y} :
|X — Y| > 2(k/caM)"? and have finite intersection on the complement of ¥,. Indeed
we will show that when the uniform balls intersect (and therefore X and Y are close), the
density estimates have positive covariance and that they have negative covariance when the
uniform kernels are disjoint. Intersecting and disjoint balls are illustrated in Figure [20}
Define,

U(X,Y) = E[lzes,(x)1zes. )] (55)

Intersecting balls

Lemma A.1. For a fized pair of points {X,Y} € U,,
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Figure 20: Intersecting and disjoint balls.

Covley(X),eq(Y)] = w +o (%) :

Proof. For {X,Y} € ¥, we have that 1zcg,(x)lzes,(v) = 0 and therefore U(X,Y) = 0.
We then have,

Covley(X) ea(Y)] = E[(fu(X) - Efu(X))(E(Y) — E[fa(Y)])]

= E[(lzes,00 — UX))(Izes,0 — U(Y))
— %E[lzesu(xﬂmsum —UX)U(Y)]
_ %(U(X, Y) — U(X)U(Y))
M —f(X)fY) 1
= —pUXUY) = —F/——+o0 (M) ‘

]

Disjoint balls For {X,Y} € W¢ there is no closed form expression for the covariance.
However we have the following lemmas:
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Let R, (X) and R, (Y') denote the (constant and equal) radii of the uniform balls respectively.
Define X(||X — Y||/Ru (X)) = V(Su(X) N Su(Y))/Vu(X) where V(S,(X) N S,(Y)) is the
volume of the intersection of the two balls.

We observe that,

R(|[X = Y[/ Ru(X))

= V(Su(X) N Su(Y))/Vu(X)
Vlzenor.(x)1zeB()y - x|, Ru(v))]
Vu(X)
V{1ze(o,1)1zeB(|y —X||/ Ru(X),1)]
VDZGB(O,I)]

— 0(1).

Because f is assumed to be continuous, we have

U(X,Y) = Ellzes,(x)1zes.n)] = [f(X) + o(DIV (Su(X) N Su(Y))-

Lemma A.2. For a fized pair of points {X,Y} € ¥,°,

Covley(X),en(Y)] = O(1/k).

Proof.

M
SUXY) =

Therefore,

Covley(X),en(Y)] =

M) T oMIV(S.(3X) N Su(¥))

2
f(X)+o0(1) V(Bx N By)

k Vu(X)
wa — Y[|/Ru(X))

@N(Hx = Y[/ Ru(X)) + o(1/k)

O(1/k).

Bl () ~ Bl (Y) — Blf(1)])
S U(X,Y) ~ UX)U(Y))

%U(X, Y)— %U(X)U(Y)

O(1/K) — ©(1/M)

O(1/k).
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Lemma A.3.
/ U(X, y)dy = [F(X) + o(1)]V(X )2

)

Proof. We note that for U(X,y) # 0, we need {X,y} € VS We therefore have, f(y) =
J(X) +o(1).
[ty = 1500+ oIV(S,0) N Su¥))dy
= Vu(X)[f(X)+0(1)]/N(||X_y“/Ru(X))dy
= Vu(X)[f(X>+O<1>]RU(X)d/N(HyH/Ru(X))d(y/Ru<X>>

/ R([ly]1/ Ru(0))d(y/ Ru(X)

The integral [ N(§)d(d) can be shown to be equal to ¢4 for all dimensions d.
We then have,

/ UK, gy = [F(X)+o()IVAX)

]

Lemma A.4. Let v1(X), 7(X) be arbitrary continuous functions. Let Xi,.., Xy, X, Y
denote M + 2 i.i.d realizations of the density f. Then,

_ Cov[y1(X) f(X), 72(X) f(X)]
M

Cov(X)ea(X), 72(Y)eu(Y)] +o(1/M).
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Proof.

Covfy (X)eu(X), (¥)ew(Y)] = E[n(X)n(¥)(E(X) ~ BEODEY) — EfV)]
- SETETEN e Y) ~UEUY)
- S (XU, Y)
- S B (VU U (Y)
= [ —11I.
1T = - (Bl (X) FO[ER(Y) F(Y).
I = S B XYV, V)

~ s | [ @@ U oy

Now for U(z,y) # 0, we need {z,y} € V¢. We therefore have, v2(y) f(y) = 712(x) f(z) + o(1).
We then have,

1 2
I - / / M (@)e(2) () + o()]U (. y)dady
1

~ rvicn [P e o] ([ Vi) do
1

= e | D@ @) + o) (/@) +o()Vala)?) da
= 37 [ @@ @) + o) + D)o
= 7 (B (X)n(X) ()] + o(1)

= B (0)0(X)2(X)] + o(1/M).

A.6 Higher cross moments

Disjoint balls We have the following results concerning higher cross moments for disjoint
balls:
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Lemma A.5. Let q,r be positive integers satisfying q +r > 2. For a fived pair of points
{X, Y} ev,©

Cov(el(X),el(Y)) = o(l/M).

)’ u

Proof. For a fixed pair of points {X,Y} € W,° the joint probability mass function of the
functions 1, (X),14(Y") is given by

M

Prly(X) =1L, 1Y) =1,) = 1i,41,<m (l /
'Yy

)(U(X»lw(U(Y))ly(l L UX) - Uy )t

We also have from chernoff inequalities for binomial random variables that

Pr((1—pk <1,(X) < (1+pk) =1—e?F
Pr((1—pk <1,(Y) < (1+pk) =1 —e 7",
Denote the high probability event x by (1 — p)k < 1,(X),1,(Y) < (1 + p)k. Define 1,(X),

1.(Y) to be binomial random variables with parameters {U(X),M — ¢} and {U(Y),M —r}
respectively. The covariance between powers of density estimates is then given by

Cov(f1(X), f1(Y)) = FCOU(W( ), 1Y)
= Wqul’“Pr X) =1, 1,(Y) =1,) WZZQVPT = 1) Pr(1,(Y) =1,)
a
— e LPr(1y(X) = 15, 10(Y) = 1) — Pr(ly(X) = L) Pr(lu(Y) = 1,)] + O(e 7%

JSUX) (V) EEUHX)U(Y)
B ka Xly—q+1 )(lyx...xly—r+1)x
(M x...x M —(qg+7r—1))Priy(X) =1,,1,(Y) =1,)
(M x...XM—=q+1)(Mx...x M—r+1)Pr(ly(X) =) Pr(ila(Y) = 1,)]
+ o(1/M)

SUX)f(Y) 1
- (FSe 0 (=) )~
DM x...x M= (g+7r—1)Prla(X) =1, 1.(Y) =1,
~(Mx ... x M= (qg—=1))Mx...x M—(r—1)Pr(u(X) =1,)Pr(.(Y) =1,)]
+ o(1/M)
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_ (O 1
= (P o (i)
(Mx..xM—-(q+r—1)—-(Mx...xM—-(g—1)(Mx...x M—(r—1))]

+ o(1/M)
—qrf1(X)["(Y) 1
= i +0 (M) .

Then, the covariance between the powers of the error function is given by

r Ty

Cov(el(X),e,(Y)) = Cov((fa(X) — E[fa(X)]), (Fa(Y) — Efu(Y)])")

where the last step follows from the condition that ¢ + r > 2.

Intersecting balls For {X,Y} € ¥, we have the following bounds

Lemma A.6. Let v1(X), 1(X) be arbitrary continuous functions. Let Xq,.., Xy, X, Y
denote M + 2 i.i.d realizations of the density f. Also let the indicator function 1a,(X,Y)
denote the event A, : {X,Y} € W,°. For q,r positive integers satisfying ¢ +r > 1,

BlLa, (X, Y (Ve X)e (V)] = o)

(58)
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Proof. For 15,(X,Y) # 0, we have {X,Y} € ¥¢. Then,
E[1a,(X,Y)11(X)7(Y)el(X)e,(Y)]

u

= Ela, (X, Y)n(X)7(Y)Exy[ed(X)el (V)]

< E{lAu(X Y)n(X \/Ex [ew’ (X)|Ey e (Y )J]

- [ £ (XY ) (X)(Y) (k/)}

= [ |o () utarmtarown] (f sutaa )
= [ |o () armtar o] (257
e

where the bound is obtained using the Cauchy-Schwarz inequality and using Eq[54l O

We can succinctly state the results derived in the last two lemmas in the form of the following
lemma:

Lemma A.7. Let v1(X), 1(X) be arbitrary continuous functions. Let Xq,.., Xy, X, Y
denote M +2 i.1.d realizations of the density f. If q,r are positive integers satisfying q+r > 2

Cov[n(X)el(X),72(Y)ey(Y)] = o(1/M).
Proof. The result for the case ¢ = 1, r = 1 was established earlier in Lemma [A.4]

Covly1(X)e}(X), 12(Y)ey(Y)] =1+ D,

where "I’ stands for the contribution form the intersecting balls and "D’ for the contribution
from the dis-joint balls. I and D are given by

I = E[la,(X,Y)Cov [y (X)eh(X), (Y )en(¥ )],
D = E[(1—1a,(X,Y))Cov [y (X)eh(X) 1a(¥)el(¥)])

We have already established in the previous lemma that
1
I=o0(—]).

D = E[(1 = 1a,(XY)n(X)72(Y)Exy[Cov(e}(X), e, (Y))]] (59)
[

Now,

7 a
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This concludes the proof. O

B k-NN density estimation

Throughout this section, we will derive results on moments of k-NN density estimates for
points in the set 8 = {X : Sx(X) C 8}. This definition implies that the density f has
continuous partial derivatives of order 2r in the k-NN ball neighborhood for each X € &
where 7 satisfies the condition 2r(1 — t)/d > 1. This excludes the set of points close to the
boundary of the support, where the continuity assumption of the density is not satisfied. We
will deal with these points in Appendix C.

B.1 Concentration inequality for coverage probability

It has been previously established that P(X) has a beta distribution with parameters k,
M — k + 1. [19]. Consider a binomial random variable with parameters M and P with
distribution function Bi(.|M, P) and a beta random variable with parameters k and M —k+1
with distribution function Be(.|k, M — k + 1). We have the following identity,

Be(P|k,M — k +1) =1 — Bi(k — 1|M, P). (60)

The following Chernoff bounds for binomial random variables have also been established
previously. When k < MP, Bi(k|M,P) < exp[—(MP — k)?/2PM], and when k > MP,
1 — Bi(k|M, P) < exp|—(MP — k)?>/2PM|. We therefore have that for some 0 < p < 1/2,

Pr((l—-p)(k—1)/M <P(X)<(p+1)(k—1)/M) = O(e_p%ﬂ). (61)

B.2 Taylor series expansion of coverage probability

Let X € §. We can then represent the coverage function P(X) in terms of the volume of
the k-NN ball Vi (X) by expanding the density f in a Taylor series about X [19].

P(X) = / f(z)dz
Sk(X)

r—1
= OVI(X) + c(XOViTUX) + ) (XD VIHFAX) + e (X) Vit 27(X92)

i=2
where ¢(X) = D@D (2E2)[V2(£(X))] and ¢,(X) is the coefficient of the reminder term.
Also define h(X) = ¢(X)f~?/4(X). We note that r satisfies the condition 2r(1 — a)/d > 1.

We can now rearrange terms to get the following representation of 1/Vy (X)) [19].

1 f(X) h(X)

Vi(X) ~ P(X) | PIi(x)

+ Y ha(X)P(X) + he(X) (63)

teT
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where T is some countable set with inf{T'} = 4/d and h,(X) = o(1/P'"?/4(X)). Let (X)
denote the event (1 —py)(k —1)/M < P(X) < (pr + 1)(k — 1)/M where p;, = 1/(k%/2) with
6r = 1 — (log(logk)/log k). From the concentration inequality, 1 — Pr(5(X)) = O(e Pk*/2).
From the choice of py, O(e P*/2) = o(1/k) for arbitrarily large values of a. From the
polynomial growth condition on k& which specifies k = M“, we have o(1/k*) = o(1/M**). We
can then summarize that 1 — Pr(§(X)) = E[lyx)] = o(1/M*®) for arbitrarily large values of
a.

B.3 Bias of the k-NN density estimates

Let X € §. Using the above Taylor series expansion, it has been previously shown [19] that
the bias of the k-NN density estimate is given by

E[f(X)] — £(X) = h(X) (&)/ o ((%)» .

This gives

Bl e X)) 00 = BR 00RO (1) o ((—)/> .

B.4 Approximation to the k-NN density estimator

Define the coverage density estimate to be,
(64)

We see that the estimate fc(X ) is not tractable. We also note that the two estimates -
f.(X) and fi(X) - are identical in the case of the uniform density. Define the error functions
ec(X) = f.(X) — E[f,(X)] and ex(X) = fi(X) — E[f(X)]. Note that the coverage density
estimate corresponds to the leading term in the Taylor series expansion of the volume. We
can therefore write

kE—1 k—1

f(X) = £(0) + Y (%) h(X) (7) P ) (69)

We can then establish the following lemmas:

Lemma B.1. Let Xy,.., Xy, X denote M + 1 i.i.d realizations of the density f. Let q be

any positive integer. Let v(X) be any arbitrary continuous function satisfying that Ely(X)]
18 finite. Then,

E[1ixes)7(X)el(X)] = ER(X)el(X))(L+ o(1)) + o(1/M)
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Lemma B.2. Let v (X), 72(X) be arbitrary continuous functions. Let Xi,.., Xy, X, Y
denote M + 2 i.i.d realizations of the density f.

Cov[1ixesy71(X)er!(X), Liyesyr2(Y)er (Y)]
= Covm(X)el(X), 72(Y)ec(Y)] + o(1/M).

As a consequence of these lemma, for X € 8', we can compute all central and cross moments of

the k-NN density fi(X) up to o(1/M) by equivalently computing the corresponding moments

for the coverage density estimate. We will first prove the above lemmas and subsequently
work on obtaining the exact rates for the coverage density estimate.

Define the operator M(Z) = Z—E[Z] and the terms ey (X) = M(>_,((k—1)/M)h(X)(1/P(X)))
and e, (X) = M(((k—1)/M)h,(X)). Note that for X € 8§, ex(X) = ec(X) +e¢(X)+e.(X).
Also define e¢(X) = M(((k — 1)/M)*~*(1/P'7(X))). We will next establish moment prop-
erties of the coverage function.

B.5 Moments of coverage function

Since P(X) is a beta random variable, the probability density function of P(X) is given by

M!
(k- DI(M — &

k

flpx) = )!p'ﬁél(l —px)" .

Under the event §(X), we can clearly see that E[lyx)P~(X)] = O((k/M)~"). For large
enough k, M, we also see that E[P7%(X)] is bounded between 0 and 1, which implies
that E[1,x)P71(X)] = o(1/M%?) using Cauchy-Schwartz and the concentration inequality.
This then gives E[P™*(X)] = ©((k/M)~"). We then get E[lyx)ef(X)] = O (k~7/2). We
can again bound E[lyx)ef(X)] by o(1/M%?) using Cauchy-Schwartz inequality and the
concentration bound. This gives E[ef(X)] = O (k=(*4/2)). Noting that 6, — 1 as k — oo
gives

Elef(X)] = O(k™"?). (66)

Let Xy, .., X, X, Y denote M + 2 i.i.d realizations of the density f. Before we address this,
we seek to answer the following question: For which set of pair of points {X,Y} are the
k-NN balls disjoint?

Intersecting and disjoint balls Define U, := {X,Y} : ||[X — Y]] > R(X) + R(Y)
where R.(X) and R.(Y) are the ball radii corresponding to coverages Q.(X) = Q.(Y) =
(1+pr)((k—1)/M). We will now show that for {X,Y} € U, the k-NN balls will be disjoint
with exponentially high probability. Let dgl(() and d%l;) denote the k-NN distances from X
and Y and let Y denote the event that the k-NN balls intersect. For {X,Y} € U., we then
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Pr(Y) = Prd® +dl¥ > | x -]
< r(d > Ri(X) + R(Y)).
< Pr(d§ (X))+Pr(d > R.(Y))
= Pr(P(X ) (o + 1)((k = 1)/M)) + Pr(P(Y) = (pr + 1)((k — 1)/M))
= O(e Pk, (67)

where the last inequality follows from the concentration inequality. We conclude that for
{X,Y} € ¥, the probability of intersection of k-NN balls centered at X and Y decays
exponentially in pik. Stated in a different way, we have shown that for a given pair of points
{X,Y}, if the € balls around these points are disjoint, then the k-NN balls will be disjoint
with exponentially high probability. Let A.(X,Y") denote the event {X,Y} € We.

Let {X,Y} € U, and let ¢, be non-negative integers satisfying ¢ + r > 1. The event that
the k-NN balls intersect is given by Y := {dgl;) + d%l;) > [|X —Y||}. The joint probability
distribution of P(X) and P(Y') when the k-NN balls do not intersect =: Y° is given by

M!

(k — DI2(M — 2k)! (pxpy) (1 — px — py)M 72,

fre(px,py) =

Figure 21] shows the distribution of the M samples when the k-NN balls are disjoint.

nnnnnnnnnnnn

B . X . . - KN balls
. w0 S . i
k-t Simpie . = c
kih FE

Figure 21: Distribution of samples when k-NN balls are disjoint.

Define
I'Or)re)

; — t—1, 8—1 1 — . ~—1
Z(vapY) I—‘(t_{_ﬁ_i_,y) Px Py ( bx pY) )

and note that . )
/ / Lipx4py <1}i(Px, Py )dpxdpy = 1.
px=0 Jpy=0

Now note that i(px, py) corresponds to the density function fy<(px, py) for the choices t = k,
f =kandy = M—2k+1. Furthermore, for {X,Y} € U  theset C:= {px,py}: (1—pp)(k—

52



1)/M < px,py < (1+pg)(k—1)/M is a subset of the region T := {px,py}: 0 < px,py < 1;
px +py < 1. Note that E[l¢] =1 —o0(1/M*). This implies that expectations over the region
R :={px,py}: 0 < px,py <1;should be of the same order as the expectations over T with
differences of order o(1/M®). In particular,

E[1/P'(X)P?(Y)] = E[l5/P"(X)P’(Y)] + o(1/M?).
From the joint distribution representation, we also get

Ell/PX)PIY)] 4B
EL/P (ELPAy - a A

Now observe that

1\ 8
(%) Cov(1/P"(X),1/PP(Y))

E—1 t+3
- (7) [E[1/P'(X)PA(Y)] — B[1/P'(X)[E[1/P(Y)]

EoN E[1/P!(X)P7(Y)
:<T> E[L/POIE(/PY)) [EH/P% XEL/PA]

= (1+o(1/k)) {1 - % +o(1/M) — 1}
_ (j\i) + o(1/M). (68)

Then, the covariance between the powers of the error function e; is given by

Cov(ef(X),e5(Y)) = (%)ﬁ Cov Qﬁ —F [ﬁ” {% - [%H)

i le ( ) ()i son (S5) 7 amazmcopay

a=1 b=1

- WEEQO )

= lggm1=1) (1 ]\T) +o(1/M)
o(

= Lg=1,=1y0(1/M) + o(1/M). (69)

B.6 Analysis of central terms

E [7(X)Ex[1{xes el (X)]]
E [7(X)Ex[1ixes(ec(X) + er(X) 4 e, (X))
= E [Lixesyy(X)Ex|(ec(X) + ee(X) + ec(X))]]

E[1ixesyy(X)eh(X)]
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Let us focus on the inner expectation first. From the analysis in the previous section on
eq(X), it is easy to see that Ele.!(X)] = O((k/M)*/4) = o(1/M) for any [ > 1. Similarly,
we can see that E[e./(X)] = O(k7"/?). Now, we can write e;/(X) as a sum of terms of
the form [],((k/M)'hi(X)es" (X)) where >, 1; = I. The coefficients in the product form
(k/M)! = o(1) while each e (X) term contributes O(k~"/2) by . By repeatedly using
Cauchy-Schwartz, we can show that the expectation of each of these terms and therefore
Ele:! (X)] is o(k7"/?).

We note that e, ?(X) will contain terms of the form (e.(X) + ey (X)) (e (X))?L If I # q,
the expectation of this term can be bounded as follows:

= O(1) x o(1/M) = o(1/M).

[E[(e¢ (X)) (ex(X)*7]| < \/E [(€c(X) + e (X)) |E[(ex (X))

Let us concentrate on the case [ = ¢. In this case, ex?(X) will contain terms of the form
(ec(X))™(e¢(X))?™™. For q # m, we then have

[El(ec(X))™(ee(X))*™]| < \/E[(ec(X))”]E[(et(X))2<Q‘”]
= O(k™™?) x o(k~0=™/%) = o(k~9/?).

Noting that E[e.?(X)] = O(k~%/?) gives us
E[lixesyr(X)ef(X)] = E[lixesyy(X)el(X)](1+o0(1)) + o(1/M)

Finally, we have that E[lixcsy] = O((k/M)"4). Using this fact and Cauchy-Schwartz
therefore gives us Lemma [B.1]

B.7 Analysis of cross terms

Similarly,

Cov[1ixesyn (X)ex!(X), Liyvesyre(Ye (Y)]
= Cov[1xesym1(X)(ec(X) + ei(X) + er(X))?, Lvesy12(Y)(ee(Y) +ee(Y) + e (Y))'].

Using the same arguments as in the previous section, we can show that the contribution of
terms with e.(X) or e,(Y) is o(1/M). We can then reduce,

Cov[1xesyn (X)er!(X), 1iyesyr2(Y)ex (Y))]

= Cov[Lixesy 1 (X)(ee(X) + (X)), Livesyra(Y)(ee(Y) + eq(Y))'] + o(1/M).
=E[lacxyv)m(X)2(Y)Covx vi[(ec(X) + et (X)) (ec(Y) + ee(Y))"]]
+E[1a, x,v)71(X)2(Y)Covix vi[(ec(X) + et (X))?, (ec(Y) + et(Y))"]] + o(1/M)
=1+4+11+o0(1/M).
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Now note that ey?(X) will contain terms of the form (e.(X))™(e¢(X))"™. For ¢ # m,
the term (ec(X))™(ey(X))?™ will be a sum of terms of the form (k/M)? ™ Ph(X) x
(k/M)m+PP=(m+8) (X)) for arbitrary 8 < q — m.

For {X,Y} € U, the covariance term Cov[(ec(X))™(et(X))T™, (ec(Y))"(es(Y)) ~™] will be
o(1/M) if either m < g or n < r by and recognizing that the coefficients (k/M )4~ =
o(1) for m < ¢. On the other hand, if m = ¢ and n = r, Cov|[(e.(X))4, (e.(Y))"] =
Lig=1,=130(1/M) +0o(1/M) b and recognizing that the error e. is a special instance of
e, and subsequently invoking ((69)).

For {X,Y} € W¢, the covariance term Cov|[(ec(X))™(et(X))9™™, (ec(Y))™ (et(Y))"™™] using
and Cauchy-Schwartz can be shown to be o(k~(¢+7)/2). On the other hand, if m = ¢ and
n=r, Cov[(e.(X))?, (ec.(Y))] = O(k~(@7)/2),

We therefore have

I =E[la.xy)7(X)2(Y)Covx yvil(ec(X) +ei(X))? (ec(Y) + e (Y))"]]
=E[lacxv)m(X)2(Y) (Lg=m=t,r=n=1y0(1/M) + o(1/M))]
= 1{q:m:1,r:n:1}0(1/M) + 0(1/M)

where the last step follows from the probability of the region W¢ being 1 — O(k/M) = O(1).
Similarly,

1T = E[1a,x,v)1(X)2(Y)Covix yi[(ec(X) + et (X))?, (ec(Y) + e¢(Y))"]]
=E |:1A6(X7Y)'71(X)'72(Y) (O (%) +o (kqir/a))}

~ [ (o (M) +o (i) ) Gr@ @) + o] ( [ Aoy ) o
_ / Ko (%) +o (ﬁ)) (1(2) (@) () +0(1))} 0 (%)d@«

= Ly=m=1,=n=1yO(1/M) + o(1/M).

where the last but one step follows from the probability of the region ¥, being O(k/M). This
then gives

Cov [1{X€8’}71 (X)ex!(X), 1{Yes’}72(Y)ekr(Y)]

= Cov[1xesyn(X)(ec(X))?, Liyesyra(Y)(ee(Y))] + o(1/M).
Using the fact that E[lixesye] = O((k/M)Y?) and Cauchy-Schwartz inequality gives us

Lemma [B.2] In the next section, we will investigate the central and cross moments of the
coverage density estimate.
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B.8 Central moments

P(X) has a beta distribution with parameters k, M — k + 1. This implies

BB (0] = 14 EL X 20] (1) +o ().

B.9 Cross Moments for the Coverage density estimate

In the previous section, we showed
Cov[m1(X)el(X), 12(Y)el(Y)] = (1ig=1,-1;0(1/M) + o(1/M)) .

We now concentrate on the case {¢ = 1,7 = 1}. We separately analyze the case for disjoint
balls and intersecting balls:

Cov[y1(X)ec(X),72(Y)e(Y)] = E[[11(X)72(Y)ec(X)e(Y)]]
= E[1a.cxv)71(X)72(Y)Ex vile.(X), v (Y)e(Y)]]
FE[1a.x, )1 (X)72(Y)Ex,vilec(X), 72(Y)e(Y)]]
=1+11I.

e The Disjoint balls case: For {X,Y} € U, we can explicitly evaluate the cross-correlation
between the coverage density estimates using as follows:

I = E[lacxy)n(X)n(Y)Covxyyle(X), e.(Y)]]
= E[la.xy)1(X)(Y)] (=1/M +o(1/M))
= E[nX)n(Y)] (- 1/M+0(1/M))

= —EmX)E [72(Y)]—+0(1/M)

where the last but one step follows by applying the Cauchy-Schwartz inequality and
subsequently using the fact that E[1a cx v)] =1 —o(1).

e The Intersecting balls case: For {X,Y} € U¢ we will directly show that the cross-
correlations of the coverage and the e ball density estimates are identical up to leading
terms (without explicitly evaluating the cross-correlation between the coverage density
estimates) and then make use of the results developed for the e ball density estimate
to obtain corresponding rates for the k-NN estimates.

¢ ball density estimate

In order to estimate cross moments for the coverage (and thereby k-NN density estimates),
we first introduce the € ball density estimator. The € ball density estimator is an oracle
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uniform kernel density estimator with varying bandwidth which depends on the unknown
density f. Let the volume of the kernel be V.(X) and the corresponding kernel region
be S.(X) = {Y : ¢4||X = Y||? < V(X)}. The volume is chosen such that the coverage
Q.(X) = fSE(X) f(2)dz is set to (1 + pg)((k — 1)/M) where py is a function of k which we
choose such that pik — 0 polynomially in k as k — oo. Let 1.(X) denote the number
of points among {Xi, .., Xy} falling in S¢(X): 1(X) = XM, 1x,es5.(x). The € ball density

estimator is defined as
Y le (X)

f(X)= TAsel

Also define the error e (X) as e (X) = £.(X) — E[f.(X)]. It is then possible to prove the
following lemma. This involves computing volumes of intersections of hyper spheres.

(70)

Lemma B.3. Let v1(X), v (X) be arbitrary continuous functions. Let Xq,.., Xy, X, Y
denote M + 2 i.i.d realizations of the density f. Then,

E[1a.x v (X)ed(X)1(Y)ed(Y)] = By (X)7(X) 2(X)] (% to (%)) |

We would like to now establish that the cross-correlations of the coverage density estimator
and the e ball density estimator are equal up to the leading terms. We will first show that,

Lemma B.4. Ele.(X)e (X)] = f2(X) (1 +0(3))-

Proof. We begin by establishing the conditional density and expectation of f‘E(X ) given fc(X ):

Conditional density

We have 1.(X) = ZM,1x,e5.(x). Since we are dealing with a fixed X, we drop the dependence
on X and denote the k-NN coverage by P and the e ball coverage by ). Let q = /P and
r = (@ —P)/(1 —P). We have the following expressions for conditional densities and
expectations [20]:

Pr{l.=/P;P > Q} = { ("7 )d (1 -t g

Pr{l.=1/P;P <Q} = { (M—k)rl—k;(l _ I.)M—l I ; Lk +1

h , oo, M
Conditional Expectation
E[l. = I/P;P > Q] = (k— 1)g = (k — 1)Q/P
Ele =l/P;P<Q|=k+r(M—Fk) = (%) (k—M)+ M
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Joint Expectation

Denote the density of the coverage P by fi a(p). Also let P be the coverage corresponding
to the k — 2 nearest neighbor in a total field of M — 3 points. We can show that

~

Elec(X)e(X)] = E[f(X)f(X)] - Efe(X)]E[f(X)]

A D g (- 1)0/P) 1ps0] - X0
_ POW-HW=-2)
Tk (k—2)(M—k)

E[(1 - QP)(k — M)+ MP(1 - P)] — mMQ

k
TE[((k = 1)Q(1 = P) — (1 = QP)(k — M) + MP(1 - P))(1p. )]
= Ox(I—1II+III).

We can show that C' x (I —I1) = @(1 — () using the fact that P has a beta distribution.
Note that from the definition of @ = ((1+ py)(k —1)/M), from the concentration inequality
we have that E[1p_ ] = O(e PiF/8) . The remainder (C' x I1I) can be simplified and bounded
using the Cauchy-Schwartz inequality and the concentration inequality to show C x I[1] =

o(1/M).

Therefore, we have

Elec(X)e(X)] = f2§€X) (1— Q) + O(e7ik/0),
A () o
[l

Now denote (e.(X) — e.(X))? =: E(X). Note that E[E(X)] = E[ec(X)?]—2E[e.(X)e.(X)]+
Ele(X)?]. We know that Ele.(X)?] = f%(X)1 + o(1/k) and Ele(X)?] = f*(X)(1/k +
0(1/k)). Then from the above Lemma we have that E[E(X)] = o(1/k). This result
should mean that e.(X) and e.(X) are almost perfectly correlated. Intuitively this would
makes sense in that if more than k points fall in e-ball to give a density estimate that
is higher than the mean, then the £-NN distance will be correspondingly smaller and the
coverage density estimate will also be higher than the mean and vice versa.

We can now write the covariance between the coverage density estimates in terms of the
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covariance between the € ball estimates as follows:

Elec(X)ec(Y)] = E[(ec(X) + [ec(X) —ec(X)])(ec(Y) + [ec(Y) —ec(Y)])]

= Elec(X)ec(Y)] + Elec(X)(ec(Y) —e(Y))] +

+E[e(Y)(ec(X) — ec(X))] + Ef(ec(X) — ec(X))(ec(Y) — ec(Y))]

=T+ IT+1IT+1V. (72)

To establish the similarity of the cross-correlation’s, we would like to find out that terms
11,111 and IV are negligible compared to term I. Using Cauchy-Schwartz, we can bound
each of the terms I7, III and IV in terms of E[E(X)] as || < /E[E(Y)]E[e2(X)],
[I11] < \/E[E(X)]E[e2(Y)] and [IV| < /E[E(X)]E[E(Y)]. Note that the above application
of Cauchy-Schwartz helps decouple the problem of joint expectation of density estimates
located at two different points Xand Y to a problem of estimating the error E between two
different density estimates at the same point(s). We then have that all the three terms 11,
IIT and IV are f(X)f(Y)o(1/k) and therefore,

Elec(X)ec(Y)] = Ele.(X)e(Y)] + o(1/k),

for any X and Y. For this result to be useful, we would want E[e.(X)e.(Y)] to be orders
of magnitude larger than the error o(1/k), which is indeed the case for {X,Y} € U ° since
Ele.(X)e(Y)] = O(1/k) for such X and Y. We can then use this lemma and the previously
established results on co-variance of e-ball density estimates to obtain the corresponding
result for coverage density estimates:

Lemma B.5. Let v (X), 72(X) be arbitrary continuous functions. Let Xi,.., Xy, X, Y
denote M + 2 i.i.d realizations of the density f. Then,

Ella,xym(X)e(Y)e(X)e(Y)] = Em(X)e(X)r (X)) (% +o (%)) ,

Proof.

E[la.xy)m(X)72(Y)ec(X)ec(Y)]

= E[lAE(XY Y1(X)72(Y)Ex v [ec(X)ec(Y)]]

= E[la.x,v)71(X)2(Y)(Ex y[e(X)e(Y)] + f(X) f(Y)o(1/k))
=E[la.xyv)7(X)72(Y)e(X ) (Y)]

FE[1a,x,v)71(X)7(Y) f(X) f(Y)]o(1/M)

a0 (1)

In the last but one step, we obtain o(1/M
V(¥ = O(k/M) and O(k/M) x o(1/k

for the second term by recognizing that the volume
=o(1/M). m

29



This implies that
OOU [VI(X)ec(X% Y2 (Y)ec<Y>]
— Covln (X) F(X), 7a(Y) F(Y)] (% o (%)) .

C Boundary correction for density estimates

In the previous section, we established results for points in the level set 8’ = {X : Sy (X) C 8§}
for the k-NN density estimator. In this section we extend results to the entire set 8.

C.1 Bias of k-NN density estimator in the interior

We showed that the bias at a point X in the interior of the density &' is given by
) o\ 2/ 5\ 2/
Bff(X)] - 700 = 00 () +o ((M) ) . (73)

C.2 Bias in the k-NN density estimator near boundary

If a probability density function has bounded support, the kNN balls centered at points close
to the boundary are often are truncated at the the boundary as shown in Fig. [2] Let

_ fSk(X)ﬂS dZ
fSk(X) dz

be the fraction of the volume of the k-NN ball inside the boundary of the support. For
interior points, ag(X) = 1, while for boundary points ay(X) can range between 0 and 1,
with a(X) closer to 0 when the points are closer to the boundary. For boundary points we
then have

ax(X)

~

E[fi(X)] - f(X) = (1= ax(X))f(X) +o(1).
We therefore see that the bias is much higher at the boundary of the support (O(1)) as
compared to the interior (O((k/M)*?)). Furthermore, the bias at the support does not
decay to 0 as k/M — 0.
C.3 Boundary corrected k-NIN density estimates

Denote the set of N i.i.d. realizations {Xy,..., Xy} from the density f by Xy. We formally
define boundary points to be the set of points among {Xj,..., Xy} whose kNN ball are
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truncated by the boundary of the support of the density. Denote the set of boundary points
by By and the complementary set of interior points by Jy. In this section, we suggest a
simple way to compensate for this problem. A correction is performed in two stages: (i)
Identification of boundary points and (ii) Correction of density estimates at these boundary
points.

C.4 Boundary point detection

From the concentration inequality and Taylor series expansion of the coverage function, we
have

1—Pr((1—p(/~c,M)) bl bl

MO0 < Ve < (bl M) s ) < o)
where p(k, M) is any positive function that satisfies p(k, M) = ©((k/M)*4). To detect the
boundary points Jy, we pool all the samples {Xy,..., Xy} together and construct a K-
NN graph where K = |k x (T'/M)]. This choice of K guarantees that the size of the k-NN
ball in the partitioned sample is the same as the the size of the K-NN ball in the pooled
sample. Denote the set of interior points in the pooled sample by Jy and the boundary points
by By. We can then obtain the set of interior points in Jy = Xy N Jg.

C.4.1 Identification of interior points Js

Using the K-NN tree, for each sample X € Xg, we compute the number of points in Xg that
have X as one their [-NN, [ = {1,..., K'}. Denote this count as count(X). For any X € Xg,
from the concentration inequality and Taylor series expansion of the coverage function, we
have

1—Pr((1—p(K,T)) k-1 K-1

W < Vkg(X)<(1 +p(K,T))m) < o(1/T).

This implies that with high probability, the radius of the K-NN ball at X concentrates around
(K —1/cqTag(X)f(X))"4. Let Y be the [-nearest neighbor of X, [ = {1,..., K}. Then we
can represent Y as Y = X + R (X)u where u is any arbitrary vector with ||u|| < 1.

For X to be one of the K-NN of Y, we need Rk (Y) > ||Y —X]|| or equivalently, Rx(Y)/Rx(X) >
|lu||. Using the concentration inequality for Ry (X) and Rk (Y'), a sufficient condition for

this is
ax(X)f(X)
ax(Y)f(Y)
Assume that f is Lipschitz continuous with Lipschitz constant L. Then, we have |f(Y) —
f(X)| < q(K,T) where ¢(K,T) = L(K — 1/cqTe;)"/®. A further sufficient restriction for X
to be one of the K-NN of Y is

(1 =2p(K,T)) = ||ull (74)

(1= q(K,T)) = [[ul], (75)
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Figure 22: Detection of boundary points for 2D beta distribution.

For interior points, ax(X) = 1. This implies that X will one of the K-NN of Y provided
llul] <1—¢q(K,T). From (7) in [18], this implies that count(X) > K(1 —q(K,T)) whenever
X € Jy. On the other hand, for X € By, ax(X) < 1. It is also clear that for small
values of k/M, ax(X) < ag(Y) for at least k/2 I-NN Y of X. This then implies that
count(X) < K(1 —q(K,T)) for X € By. We therefore use the threshold K (1 — ¢(K,T)) to
detect interior points Jg in the pooled sample. As a final step, we obtain the set of interior
points in Iy = Xy N g

Algorithm 1 Detect boundary points By
1. Construct K-NN tree on X
2. Compute count(X) for each X € Xy
3. Detect boundary points Byg:
for each X € X5 do
if count(X) < (1 —¢q(K,T)) * K then
33‘ +— X
else
jg' +— X
end if
end for

C.5 Correction of density estimate

The idea for density correction at points close to the boundary is based on the following idea:
To estimate the density at a boundary point X € B, we find a point Y € J that is close to
X. Because of the proximity of X and Y, f(X) ~ f(Y). We can then estimate the density
at Y instead and use this as an estimate of f(Y).

Then, for each X; € By, we identify its nearest neighbor X,;) € Jy, for some n(i) =
{1,..,N}. The volume of the region containing the boundary samples is of order O(k/M).
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This guarantees that the maximum distance between any X; € B, i = {1,.., N} and its
closest neighbor X, € J, for some n(i) = {1,.., N}, is of order O((k/M)'%). Fig.|C.4.1
depicts the detection of boundary points and pairing of boundary points with interior points.
Clearly, the algorithm identifies the boundary points in this example.

Let X; be a boundary point. From Eq. [74] we see that the bias is significant for the density
estimate f (X;). We suggest an alternative estimator to correct for the bias. Let X,;) =
2X,,i) — X;. Defining h = X,,(;) — X;, it is easy to see that ||h|| = O((k/M)"9). Define the
corrected estimator as

Bo(X,) = 28 (X)) — B(Xp)  26(Xangs) — Bi(Xyi)) > 0
' fi (X)) 2fy (X fi

From the concentration inequality, the event 2fk(X ) — fk(X y) < 0 will occur with prob-
ability o(1/M).

We claim that this estimator has bias of order O(||h||?) = O((k/M)?/?). This can be shown
as follows. Define v =< h, f'(X,,;5) > as the inner product between h and the first order
partial derivatives f'(X, ))

F(Xi) = fXaw) —v+O([h),
F(Xn@) + v+ O([1]]%).

—
—
s
=,
S
e
I

Eqgs. 9 and 10 imply
F(Xi) = 2f (Xniy) — F(Xpi) + O(I[RI).
Because X,,(;y and X,;) are located in the interior of the density, by Eq. ,

Elfi(Xnm)] = f(Xau@) + O[],
Elf(Xpim)] = f(Xpw) +O(|[A]]),
and therefore

Effo(X))] = ER&(Xuw) —fi(Xpw)] +o(1/M)
2f (X)) — f(Xpn) + O(|[R]]*) + o(1/M)
= f(Xi) +O((k/M)*1).

The corrected density estimate at the boundary therefore has bias which is of the same order
as the bias of the uncorrected density estimate at any interior point (compare to Eq. [73 .
and Eq. [74). Thus the compensation has reduced the bias of the estimator from 0(1) to

O((k/M)?/%). In the definition of the corrected estimator in Eq | (X n(i)) and fk(X )
are standard k-NN density estimates. It therefore follows that the variance and other central
and cross moments of the corrected density estimate will continue to decay at the same rate
as the standard k-NN density estimates in the interior.
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Note that prior to the correction, the contribution to the bias from the interior was O((k/M)?/¢)
while the contribution from the boundary was O(1) x O((k/M)Y4) = O((k/M)"%). Given
these identical rates and that the probability of a point being in a boundary region is
O((k/M)?) = o(1), the contribution of the corrected estimator to the overall bias, vari-
ance and other cross moments are negligible compared to the contribution from the interior.
As a result we can now generalize the results from Appendix B to include the boundary
regions.

Bias

Cross moments
Cov[y(X)ef(X),72(Y)er(Y)]

~ Loy Corln (X)), N0 (57) +0 (57 )

Equivalent corrections exist for the uniform kernel density estimator and will be left to the
reader.

D Proof of theorems on bias and variance

In this section we provide results on the bias and variance of the k-NN plug-in estimators, and
therefore the mean square error (M.S.E). We assume we have T'= N + M i.i.d. realizations
{Xi,..., Xnsap} from the density f. The plug-in estimate is given by

G(f) = (%Zg(fk<xz)uxz)> (76)

D.1 Bias

Theorem D.1. The bias of the plug-in estimator G (f) is then given by

s = ()" v (1) o5+ (8)")
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where the constants c; = E[g'(f(Y),Y)f~2/4Y)(T D ((n +2)/2)tr[V2(f(Y))])], and c3() =
E[f2(Y)g"(f(Y),Y)/2] depend on the underlying density f.

Proof. Let Z be a random variable with density f. By the continuity of g"(x,y), we can con-
struct the following third order Taylor series of g(fix(Z),Z) around the conditional expected
value E[f.(Z)].

A ~ ~

9E(2),X) = g(E6(2)].2) + ¢ (Eo6(2)]. 2)((Z) - £(2)) + 9" Eolf(2)]. D) (E(2) - £(2))°

2
1 .
+ 597 (@ 2)E(2) - f(2)),
where we are guaranteed the existence of ¢z € (g(Ez[fi(Z)], Z), g(f.(Z), Z) by the mean value
theorem. This gives,

A

Bl(9((2), 2)  9(B[i(2)], 2))) = E[ g (E2[f(2)) 2) (0(2) ~ E[fi(2))]

IE [gg"aaz 1.(2)]. 2)(1(Z) - Eq [mzm?] +E Eg(?’)@m 2)(f.(2) — Ex [ﬁ(zmﬂ

— 0+ Bl Bl V)2 (1) +o (7)) + B[ g0 2102 - s

—a(3)+o(7) +E[p0 @@ - 1@y
where the last but one step follows from the joint continuity of ¢©®(z,y) (in the interval
z € (6, fx)) and the moment properties of density estimates. Let A(Z) = 1g®)((z,Z). From
the consistency of k-NN density estimates, it follows that A(Z) converges in probability to
1g®(f(Z),Z). This combined with the fact that A(Z) is uniformly bounded implies that
E[A%(Z)] = O(1). By Cauchy-schwartz,

1

‘E {EA(Z)(f(Z) - f(Zﬂ 36

IN
«
&=

o) & [ - ray

From the analysis of bias of £-NN density estimates and using Taylor series, the second term
can similarly be reduced to

Elg(Ez[fe(Z)], Z) — 9(f(2),2)] = (%)M e <(%)2/d>
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D.2 Variance
Theorem D.2. The variance of the plug-in estimator Gk(f) is given by

VG() = o (%)W (@*(L le)

where the constants ¢4 = V{[g(f(Y),Y)] and c5 = V[f(Y)d'(f(Y),Y)] depend on the under-
lying density f.

Proof. Let Z be a random variable with density f. By the continuity of gM(z,y), we can

construct the following Taylor series of g(fx(Z),Z) around the conditional expected value
Ez[£.(Z)].

~ A A A ~

9(f(Z),Z) = g(Ez[fu(Z)], Z)Jrgl(]Ez[fk(Z)]aZ)(fk(Z) — Ez[fi(Z)])
+ (Zg E(Z)2) 5 ) —Ez[ﬂc(zmi)
¥ M(M) _Edh@)

Al

where we are guaranteed the existence of &z € (g(f(Z)), g(fc(Z))) by the mean value theorem.
Denote (¢'(€z,Z))/\! by WU(Z). Define the operator M(Z) = Z — E[Z] and

bi = M(Q(Exi[fif(xi)]vxi)%A R
¢ = M(g'(Ex,[f:(Xs)], Xi) (£(Xs) — Ex, [f1(X3)])),

AL g0 (Ex [£(X)], X5) s . .
no= M(Zg <Exi[f’;fxl”’x‘)<f<xi>—Ex,.[mxiw),

si = M (\I/(Xi)(fk(Xi) — Ex, [fk(Xz')])» -

The variance of the estimator G(f) is given by
(

V(G(f)) = E[G(f) —EIG()])]
E[(p1 + g1 + 71+ 51)°]

1
+ TE[(M + g1+ 71+ 51)(p2 + g2 + 12+ 59)].

ZZIH

Because Xy, Xy are independent, we have E[(p1)(p2 + g2 + 72 + s2)] = 0. We also have,
El(pr + 1+ +51)°] = Elp’]+o(1)
= V[g(Ey[f(Y)], Y)] +o(1)
= ¢4+ 0(1)



From the results on cross moments for density estimates we then have the following results.

Elgigo] = o5 (%) +o (%) :

and additionally E[g;7s] = o (ﬁ) and E[rirs] = o (%) Also note that ¢; and s, are 0 mean

random variables. This implies that

Elgss] = E|0¥(Xa)(f(X2) - Ex, [f(X2)])]

= B [q0(3)(H(Xa) — Bx, [f:05)))]

< ¢ E [¥7(X2)| E 2 (F(X2) — Ex, [f(X2))) |

_ JE(Z)o (k—ﬂ)

We can show that E [¥?(Z)] = O(1) (in an identical manner to showing E [A%(Z)] = O(1)

in the proof for the result on bias). Note that from the polynomial growth condition on k,

0 () = o(1/M) . In a similar manner, we can show E[r1ss] = 0 (3;) and E[s1ss] = 0 (3).

M M
This implies that

&) = e+ S B o (57 3 )

() o) lied)

E Asymptotic normality

In this section we provide results on the asymptotic distribution of the plug-in estimators.
We assume we have ' = N + M i.i.d. realizations {Xy,..., Xyya} from the density f. The
plug-in estimate is given by

G(f) = (%Zg(ﬂxz-),xi)). (77)

E.1 Interchangeable random variables

Define the random variables {Y ;i =1,..., N} for any fixed M as
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and define the sum Sx v as

N
1
Svu = —= Yo (79)
g

where the indices NV and M explicitly stress the dependence of the sum Sy 5; on the number of
random variables N+ M. We let f be either the uniform kernel or the kNN density estimates.
We observe that the random variables {Y;;4 = 1,..., N} belong to an interchangeable
process for all values of M.

E.2 Covariance properties

From the regularity conditions listed in Section |3.1] we obtain the following lemma on the
covariance properties of this interchangeable process.

Lemma E.1.

V(Yui) = V(g(f(X), X)) +o(1),

Cov(Yi Yj) = M o <%> ’
oy ¥iyy = HOUOORNGUC0K) B XNID | (LY

Proof. From the properties of the density estimates listed in Section [3.1

N

V(Yari) = Vg(f(Xs), Xi) = V(g(f(X), X)) + o(1),

and

Cov(Yni, YY) = COU(Q(f(Xz‘),Xz‘)7g(f(Xj),Xj)) = V(g’(f(X]@X)f(X)) to <%> '

Define d(x,y) = g(z,y)(g(z,y) — ¢), where the constant ¢ = E[¢g(f(X;),X;)]. Then, using

the properties of the density estimates listed in Section (3.1}

COU(Y?W,Y]Z\M) = Cov(d(f(X;),X), d(f(X;),X;))
_ Vd'(f(X),X) (X)) +0< 1
)
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E.3 CLT for Interchangeable Processes

Let {Z;;i = 1,2,...} be an interchangeable stochastic process with 0 mean and variance p.
Blum et.al.[4] showed that the random variable Sy = \/LN S V| Z; converges in distribution

to N(0, p) if and only if Cov(Zy,Zs) = 0 and Cov(Z3,Z3) = 0.

E.3.1 De Finetti’s Theorem

De Finetti showed that the probability measure of any interchangeable process is a mixture
of probability measures each consisting of independent and identically distributed random
variables. Specifically, let F be the class of one dimensional distribution functions and for
each pair of real numbers x and y define

Flxz,y) ={F € F|F(z) <y}. (80)

Let B be the Borel field of subsets of F generated by the class of sets F (x,y). Then De
Finetti’s theorem asserts that for any interchangeable process {Z;} there exists a probability
measure i defined on B such that

Pr{B} = / Pre{B}du(F), (81)

for any Borel measurable set defined on the sample space of the sequence {Z;}. Here Pr{B}
is the probability of the event B and Prp{B} is the probability of the event B under the
assumption that component random variables X; of the interchangeable process are inde-
pendent and identically distributed with distribution F'.

E.3.2 Necessary and Sufficient conditions for CLT

The Central Limit theorem [2] is said to hold if for any real number « if we have
lim Pr{Sy < a} = ¢(«a), (82)
N—o00

where ¢(«) is the distribution function of a Gaussian random variable with 0 mean and
variance p.

From Eq[81] we have

Pr{Sy < a} — / Pre{Sy < aldu(F). (83)

For each F' € F define m(F) and o?(F) as
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Also define

) - [ e — m(F)PdF(z), (86)

and for all real numbers m and non-negative real numbers o let f,, ,2 be the set of F' € F
for which m(F) =m and o?(F) = o2

Blum et.al show that the process {Z;} will satisfy the CLT if and only if u(Fop) = 1.
Furthermore, they show that the condition p(F o) = 1 is equivalent to the condition that
Cov(Zy,Zy) = 0 and Cov(Z3,Z3) = 0.

We state the classical Berry-Esseen Theorem for i.i.d sequences in the next section.

E.3.3 Classical Berry-Esseen Theorem

Let Xy, Xy, ..., be i.i.d. random variables with F(X;) = 0, E(X?) = 02 > 0, and E(|X;]?) =
Kk < 0o. Also, let S, = (X; + X3+ ... + X,,)/+/n be the sample mean, with F,, the C.D.F
of S,, and 1) the C.D.F of Gaussian distribution with 0 mean and variance o2. Then there
exists a positive constant C' such that for all z and n,

Ck

|Fu(x) — ¢(z)] < 03—\/5' (87)

E.4 CLT for Asymptotically Uncorrelated Interchangeable pro-
cesses

Consider the array of random variables {Y;,;} defined earlier. We make the observation
that Cov(Yars, Yary) and Cov(Y3,,;, Y3, ;) approach 0 as M — oo. We refer to this array
as an interchangeable process that is asymptotically uncorrelated in M.

We will now establish that the Central Limit Theorem will hold for the sum Sy =
1 N
VN > i1 Y, as M approaches oo.
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E.4.1 Details

Denote V(Ys;) by p. Let k = E[[Yr,4]?], the absolute third order central moment, be finite.
From the definition of x(F), it is clear that x(F') < k for any F' € F, and therefore x(F) is
finite for any F € F.

Let 6,(M) and 6,(M) be a strictly positive functions parameterized by M such that

1
M) =o0(1); ——— = 0o(1
5.(0) = o(1): 37575 = ol1). 9
1
6o (M) = o(1); M3, (M) =o(1). (89)
Fosar
S
%
3o (M)
Eos s
¢ i 8 0,.(M) mQ(F) Frigss

Figure 23: Partition.

Denote the set of F' € F with

L {Am?(F) > 6, (M)} by Fomsar; st = 1(F msar)-
2. {o%(F) > 65(M)} by F o.015 Hooar i= p(F o501)-
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3. {m*(F) € (0,0,(M))} by F s Mmoo = M(an,&,M)-

4. {o*(F) € (0,0,(M))} by Fosars Posar = (F 5 50r)-

We have from Eq[8]1] that

/F m*(F)du(F) = Cov(Yuri, Yar,) (90)

/F Er(Z? — plPdu(F) = Cou(Y3,.Y3r,) (91)

Applying the Chebyshev inequality, we get

5,u<M),U/m,6,M S COU(YM,iyYM,j)7 (92)
So (M) pto 5.1 < C’OU(YJQM,Z-,Y]?WJ). (93)

From Eq[92] and Eq[88 we therefore have that fim, 5 and pig5a — 0 as M — co. From the
definition of f 7, 55, and [} 5/, we also have that py, 55, and p) 5, — 0 as M — oo.

We first establish the following lemma,

Lemma E.2.
lim Pre{Syu < a}du(F) = ¢(a),
N,M—oco Fo.o

where ¢(.) is the distribution function of a Gaussian random variable with mean 0 and vari-
ance p.

Proof. For F' € [, the mean and variance are respectively given by 0 and p respectively.
We then have the following upper and lower bounds -

Lower bound

/ PTF{SN7M S Oé}d[,b(F)
Fo,0

/ o) - i—%} du(F)

> 6 (a) u(Foo) — pf =
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Upper bound

/ Pri{Syar < a}du(F)
Fo,0

<[ o)+ f%)] au(F)

Ck
< ¢ (@) p(Foo) + TN

We also have

1 — (tmsnr + Hosar + Honsar + Hosar) < (Foo) <1,
and therefore
L H(Fo0) =1

Combining the above equations, we get

lim Prp{Snyu < a}du(F) = ¢(a).
[

In order to apply the Berry-Esseen bounds, we require £ = E[|Ys,4]?] to be finite. We show
that a sufficient condition to guarantee this is to require E[|g(f(X;), X;)|?] to be finite. To
see this,

=
|
ﬁ

1Y aral’]

Y s
= E[Ig(f’fx) ) — Elg(8(X:), X))
< E[(lgf(X3), X0)| + [Elg(F(X0), X))
< SE[g(f(X0), Xi)I. (94)

We now state and prove the Central Limit theorem for asymptotically uncorrelated Inter-
changeable processes.

Theorem E.3. Suppose that the density f, the functional g and the density estimate f
satisfy the conditions listed in Sectz’on Further suppose E[|g(f(X;), X;)[*] is finite. The
asymptotic distribution of the plug-in estimator G(f) is given by

: G(f) — E[G(/)] _
NS ( Vg(f,z)]/N = a) = FriZ <o),

73




where 7. is a standard normal random variable.

Proof. Since all probability measures are bounded between 0 and 1, we have the following
upper and lower bounds

Lower bound

Pr{Syu <a} — / Pri{Sy . < a}dpu(F)
F

Z/ PT’F{SNyM Sa}d,u(F)
Foo
Upper bound

Pr{Sya <a} — / Pri{Sxa < a}du(F)
F
S / P’I“F{SNyM SOé}d[L(F)—F
Fo,0
Pan,s. M+ Pos M+ o s ar T Mo s 01+

The above bounds along with Lemma gives the required result. O

E.5 Berry-Esseen bounds

We now establish Berry-Esseen bounds for the case where % — 0. In particular, we assume

that there exists a 6 : 0 < d < 1, such that N = O(M?). We also assume that the
interchangeable process has finite absolute third order moment E(|Zys;:|*) = py < oo VM.

E.5.1 Details

Define the subset F of F as follows: F =F — {F msmr UF o501}
We recognize that for F € [, we have

The mean and variance of Yj;; under the distribution I are given by m(F') and o(F) + p —
m?2(F) respectively.
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As in the previous section, let ¢ be the distribution function of a Gaussian random variable
with 0 mean and p variance.

Lower bound

Pr{Sya < a} — / Pri{Sxar < a}dyu(F)
F

> /FPT’F{SN,M < ajdu(F)

o — VNm(F) Ck(F)
Z/ﬁ qb<1+ >_(0(F) _ sy | )

(o(F) —m?(F))/p +p—m2(F)3VN
a—+/Ng,(M) \ - Cw(F)
=0 (1 + (\/W)/p) H = / (p = /3, (M) = 8,(M v )
a— /N6, (M) _ Ck
= (1 + @(M))/p) M = a0 — 6, VN

Upper bound

Denote pu(F€) := fi. We note that i < iy, 5 + Hosar-

PT{SN’M S Ot} = / PTF{SN,M S (X}dlLL(F)
F

< / Pri{Syn < a}du(F) + fi
l,

o~ VNm(F) Cr(F) ~
<) ¢<1+<0<F> 2 (F >>/p>+< G m2<F>>3m] W)+

a+ /N, (M) . Cr(F) )
B <1 S R TP KRR A kv LA
<¢< a— /N, (M) u(F) + Ck e
- 1_<\/W+5u(M))/P (p—i-\/m):s\/ﬁ 5, 0,

a N, (M) _ Ck 1 1
= (1 “wmon+a,00)7) "t G anye v T 00 s,

The result in Theorem therefore gives us that the appropriately normalized plug-in
estimator Sy s converges in distribution to a normal random variable. Also for the case
where N grows slower than M. we have established Berry-Esseen type bounds on the error.
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F  Uniform kernel based plug-in estimator

In this section, we will state the main results concerning uniform kernel plug-in estimators.
The proofs for these results rely on the propoerties of the uniform kernel density estimates
established in Appendix A and proofs for equivalent results for the k-NN plug-in estimators.
Let f, denote the boundary corrected uniform kernel density estimate. Denote the uniform
kernel plug-in estimator by

Let Y denote a random variable with density function f.

F.1 Results

Corollary F.1. Suppose that the density f, the functional g and the density estimate f,
satisfy the necessary conditions listed above. The bias of the plug-in estimator G, (f) is then

given by
2/d 2/d
B.(f) = @ <§> +02(%>+0(%+<§> >,
where ¢ = E[g'(f(Y),Y)c(Y)], co = E[¢"(f(Y),Y)f(Y)/2] are constants which depend on

the underlying density f.

Corollary F.2. Suppose that the density f, the functional g and the density estimate f,
satisfy the necessary conditions listed above. The variance of the plug-in estimator G,(f) is
given by

Vu(f) = (4 (%) +C5 (%) +o0 (% + %) 5
where ¢, = V[g(f(Y),Y)] and c5s = V[f(Y)d'(f(Y),Y)] are constants which depend on the

underlying density f.

Corollary F.3. Suppose that the density f, the functional g and the density estimate f, sat-
isfy the necessary conditions listed above. Further suppose E[|g(f)I?] is finite. The asymptotic
distribution of the plug-in estimator G, (f) is given by

lim Pr < Gu(f) —E[Gu(F)] < a) = Pr(Z < a),
Alk,NM)—0 VVIF(Y)g(f(Y),Y)]/N

where 7, is a standard normal random variable.
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