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Abstract

In this paper we propose new nonparamet-
ric estimators for a family of conditional mu-
tual information and divergences. Our esti-
mators are easy to compute; they only use
simple k nearest neighbor based statistics.
We prove that the proposed conditional in-
formation and divergence estimators are con-
sistent under certain conditions, and demon-
strate their consistency and applicability by
numerical experiments on simulated and on
real data as well.

1 Introduction

Conditional dependencies play a central role in ma-
chine learning and applied statistics. There are many
problems where it is crucial for us to know how the
relationship of two random variables changes if we ob-
serve other random variables. Correlated random vari-
ables might become independent when we observe a
third random variable and the opposite situation is
also possible when independent variables become de-
pendent after observing other random variables.

Conditional mutual information (MI) can be used to
capture these kind of dependencies. Although this is a
fundamental problem in statistics and machine learn-
ing, interestingly, very little in known about how to
estimate these quantities efficiently. The goal of this
paper is to provide provably consistent estimators for
a family of conditional mutual information and diver-
gences. This family is large; it includes the conditional
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Rényi-«r, Tsallis-r, Kullback-Leibler (KL), Hellinger,
Bhattacharyya, Euclidean divergences and the corre-
sponding mutual information as special cases. We also
demonstrate the consistency and the applicability of
the proposed estimators by numerical experiments on
real as well as on simulated data sets.

The derived estimators have several potential appli-
cations. In many scientific areas (e.g., epidemiology,
psychology, pharmacoinformatics, econometrics) it is
crucial to discover causal relationships, to detect con-
founding variables, and not to infer causation from ap-
parent correlations [Pearl, 1998, Montgomery, 2005].
We will demonstrate the applicability of our method
on medical data in Section 6. In our daily life we
can also easily encounter examples when people infer
causation from observing correlations. Many times,
however, there is a hidden factor that is responsible
for this correlation. There is nonzero correlation be-
tween the reading skills of children and their shoe size.
Here the underlying common factor is obviously the
age. We can find many similar examples in ancient
legends and folk stories too. According to a northern
European legend, the stork is responsible for deliv-
ering babies to parents. Indeed, one can show that
highly statistically significant correlation exists be-
tween stork populations and human birth rates across
Europe [Matthews, 2000]. Conditional dependence es-
timators can help us identify the underlying hidden
factors (confounder variables) that are responsible for
these spurious relationships. Note, however, that not
every variable that renders two others conditionally
independent is called a confounder; conditional inde-
pendence is only a necessary condition [Spirtes et al.,
2001].

Conditional dependencies play a central role in
Bayesian network learning as well [Zhang et al., 2011,
Koller and Friedman, 2009]. It is well-known that
Bayesian nets satisfy the local Markov property, that
is, each variable is conditionally independent of its
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non-descendants given its parent variables. In the
structure learning problem our goal is to find an acyclic
graph that is compatible with the observed data. If
in a given graph satisfying the local Markov property
for certain variables we find that the estimated condi-
tional mutual information is significantly larger than
zero, then this graph is not compatible with the ob-
served data and we need to find another acyclic graph.

An indirect way to obtain the desired conditional in-
formation and divergence estimates would be to use a
naive “plug-in” estimation scheme: first, apply a con-
sistent density estimator for the underlying densities,
and then plug them into the desired formula. The un-
known densities, however, are nuisance parameters in
the case of divergence estimation, and we would prefer
to avoid estimating them. Furthermore, density esti-
mators usually have tunable parameters, and we may
need expensive cross validation to achieve good per-
formance. Density estimation is among the most dif-
ficult problems in statistics, and hence in many cases
direct estimators, which do not apply density estima-
tion, can achieve better performance than the “plug-
in” methods. The most well-known example is the
mean functional, which can be simply estimated with
the empirical average, and usually we do not use so-
phisticated density estimators for this problem. For
more complex functionals such as entropy [Leonenko
et al., 2008], mutual information [Pl et al., 2010], and
certain divergences [Wang et al., 2009b, Nguyen et al.,
2010], empirically it was also observed that direct es-
timators can perform better than the “plug-in” ones.
It is of great importance to know which functionals
of densities can be estimated consistently without us-
ing density estimators. In this paper we show that a
large family of conditional mutual information and di-
vergences belongs to this family, and empirically also
demonstrate that the proposed estimators can perform
better than the naive plug-in estimators. One might
also try to use parametric approaches (e.g. mixture of
Gaussians) to estimate the densities, but if the under-
lying density does not belong to this parametric family,
then this approach leads to biased estimators, and the
estimation will be inconsistent.

Although the goal of partial correlation and condi-
tional information is similar—to describe how the de-
pendence of random variables changes when observing
other variables— the conditional information is often
more informative. Partial correlation measures only
“linear” association and can be zero even if there is
conditional dependence between the random variables.
On the contrary, the conditional information is zero iff
the random variables are conditionally independent.

In machine learning, the most famous divergence
and MI measures between probability distributions

are the KL divergence and the Shannon information.
Nonetheless, they are just the o — 1 limit cases of the
more general Rényi-a and Tsallis-a families. For each
«, these divergences behave differently, and therefore
in different applications different « values (not neces-
sarily @ = 1) might be more appropriate. For example,
the Hellinger distance, which corresponds to o = 1/2,
satisfies the triangle inequality and is symmetric. The
KL divergence is not symmetric and does not satisfy
the triangle inequality. The Euclidean distance is al-
ways finite between distributions, while the KL diver-
gence can be infinite. Empirically it was also observed
that the convergence rates of different a-estimators de-
pend on « and on the densities as well [Péczos and
Schneider, 2011]. Therefore, even though the KL di-
vergence and Shannon information are the most popu-
lar quantities, in certain applications other divergence
and information terms can perform better and achieve
faster convergence rates. Since there is no clear win-
ner among the several (conditional) divergences and
MI measures, we believe that it is important to have
efficient estimators for each of them.

The paper is organized as follows. Section 2 briefly
summarizes some related work. Section 3 defines the
set-up of the problem and the quantities we want to
estimate. In Section 4 we provide our estimators. The
most important theoretical results about the consis-
tency of the estimators are stated in Section 5. Sec-
tion 5.1 contains a brief sketch of the proofs; the de-
tails are in the supplementary material [Péczos and
Schneider, 2012]. Section 6 provides the results of our
numerical experiments. We finish the paper with a
short discussion and draw conclusions.

Notation: Unless otherwise stated, each vector in this
paper will be a column vector. The dimension of x,
y, z will be denoted by d, dy, and d, respectively.
[z;y] will denote the d, + d,, dimensional column vec-
tor, whose first d, coordinates correspond to z and the
rest to y. The dimension of this vector will be denoted
by dgy. |X| will denote the absolute value of the de-
terminant of ¥ € R%*?, Superscript 7 stands for the
transposition. We use the X,, —, X and X,, —¢ X
notations for the convergence of random variables in
probability and in distribution, respectively. F,, —,, F
will denote the weak convergence of distribution func-
tions. V(M) stands for the volume of set M. The size
of the index set J is denoted by |J|. Li(M) denotes
the set of Lebesgue measurable functions having finite
integrals over M.

2 Related work

There is an increasing literature on the estimation of
information theoretic quantities for continuous vari-
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ables. Our work borrows ideas from Leonenko et al.
[2008] and Goria et al. [2005], who considered Shan-
non and Rényi-a entropy estimation. Using Euclidean
functionals [Steele, 1997, Yukich, 1998], Hero and
Michel [1999] derived a strongly consistent estimator
for the Rényi entropy. Pdczos et al. [2010], Pal et al.
[2010] combined these ideas with copula methods and
proposed methods for Rényi mutual information esti-
mation.

Wang et al. [2009b], Pérez-Cruz [2008] provided an es-
timator for the KL-divergence, and Péczos and Schnei-
der [2011] proposed estimators for Rényi and Tsallis
divergences. Hero et al. [2002a,b] also investigated
the Rényi divergence estimation problem but assumed
that one of the two density functions is known. Gupta
and Srivastava [2010] developed algorithms for esti-
mating the Shannon entropy and the KL divergence for
certain parametric families, and Nguyen et al. [2009,
2010] developed methods for estimating f-divergences
and likelihood ratio. Recently, Sricharan et al. [2010]
proposed kth nearest neighbor based methods for es-
timating non-linear functionals of density, but in con-
trast to our approach, they were interested in the case
where k increases with the sample size. Further in-
formation and useful reviews of several different di-
vergences can be found, e.g., in Cichocki et al. [2009],
and Wang et al. [2009a]. Other interesting nonpara-
metric dependence measures include the kernel mutual
information [Gretton et al., 2003], the Schweizer-Wolf
measure [Schweizer and Wolff, 1981], and the distance
based correlation [Székely et al., 2007].

All of the above mentioned quantities only consider
the non-conditional problems, and we know very little
about how to estimate the conditional versions of these
quantities. Recently, Fukumizu et al. [2008] proposed
a new method for estimating conditional dependence
based on reproducing kernel Hilbert spaces (RKHS).
There also exist methods for conditional independence
tests (see e.g., Bouezmarni et al. [2009], Su and White
[2008], Zhang et al. [2011]). However, these methods
cannot be used for estimating conditional divergences
or mutual information.

3 Conditional Mutual Information
and Conditional Divergences

Definition 1 (Divergences). Letp, ¢ be R D M — R
density functions, and a € R\ {1}. The Rényi-a,
Tsallis-oc, Kullback—Leibler, Bhattacharyya, squared
Hellinger, and squared Euclidean divergences are de-
fined respectively as follows.

. 1 a —a
DEple) = 1o [ 5" (@' (),

—o(z)dz — 1) :

DIl = = ([ o
o Lﬁ

¥ (plg) = | plo)tos 250
DB (pllg) = — log /M p2(x)g" (x)de,

H(pllg) =1 /M pV2(2)g" (),
DF(pllg) = / P2 (2) + () — 2p()q(x)da.
M

These quantities are nonnegative, and they are zero iff
p = q almost surely. These expressions can be used to
measure the “distance” between two distributions. As
a special case, when p = px y is the joint density of
random variables (X,Y), and ¢ = pxpy is the product
of the marginal densities, then these divergences can
be used to measure the mutual information.

Definition 2 (Mutual information). Let px,y be the
joint density of random wvariables X,Y with marginal
densities px and py, respectively. The Rényi-a and
Shannon mutual information are defined respectively
as follows:

I*(X, Y)
= log / / 1% v (2, 9) (0 (2)py (1))~ dardly,

S(X,Y) //pxyxy

The Tsallis-a,, Bhattacharyya, Hellinger,
clidean MI can be defined similarly.

pxy (2,9)

PX( )y (¥) px @pv () Y

and FEu-

These quantities are nonnegative, and they are zeros
iff X and Y are independent from each other. In what
follows we will define the conditional versions of diver-
gences and mutual information.

Definition 3 (Conditional Rényi-a divergence). Let
X,Y, Z be random variables, X € R%,Y € R%, d, =
dy, Z € R%. Denote the densities of Z by po(Z),
and let p1(x|z), p2(y|z) be the conditional densities of
X gwen Z, and Y given Z, respectively. Let a > 0,
a #£ 1. We define the conditional Rényi-a divergence
as

. 1
DE(p1||p2; po) = log @1,
a—1

. 1 o —a
= o [ mo(a) [ 98 elaIpd o),

where p(v,z) = po(z )pl( ,2) = po(2)p2(v|2),

and Q1 = E,z)~p [ = Z(Kﬁ)}
Lemma 4. DE(pi||p2;po) > 0, and it is zero iff
p§(v]2)po(z) :pg( |2)po(2) for almost all v, z.
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For a proof see the supplementary material.

Another definition could be the following expression:

DE(p1]lp2; po)

- / po(z) log / p3 (0] )Pk (v])dvdz,

a—1

but in this paper we do not consider this problem.
The conditional Kullback—Leibler divergence is defined
as follows:

Definition 5. Conditional Kullback—Leibler diver-
gence

p1(vz)
a(0]?) dod

o

D®E(p1|lp2; po) = /po(Z)/pl(v\Z) log

p(V,2)
q\V,Z)

= ]E(sz)Np |:10g

Similarly, one can define the conditional Tsallis-cv,
Bhattacharyya, Hellinger, and FEuclidean divergences
too.

These conditional divergences measure how far the
p1(-|2), p2(:|z) conditional densities are from each
other on average w.r.t. the po(z) distribution.

Having defined these quantities, we introduce the con-
ditional mutual information as the divergence between
the conditional joint densities and the product of the
conditional marginal densities:

Definition 6. Conditional Rényi mutual information

o1
IR(X,Y|2) = log Qs

where

pX Y|Z($7y‘z)
> (Pxiz ﬂfl vzl T
pxz(X. Z)py 7 (y Z)
X v z(XY, Z)py “(Z)

= E(X7Y7Z)NPX,Y,Z [

The conditional mutual information measures how
far the px y|z=.(:,|2) and the px|z=.(-|2)py|z=:("2)
densities are from each other on average w.r.t. the
pz(z) measure. One can similarly define the condi-
tional Tsallis-, Bhattacharyya, Hellinger, and Eu-
clidean information. The conditional Shannon infor-
mation is defined as follows:

I5(X,Y|2)

T, Y,z
://Px,Y,z(l‘,y,Z)lOg Px.v,2(2,9,7) dzdy
pX,Z(wvz)PY,Z(yaz)

where H stands for the Shannon entropy. In turn, this
problem reduces to the task of entropy estimation, for
which there are existing tools [Leonenko et al., 2008].
Note however, that this decomposition is not possible
for the other conditional divergences or mutual infor-
mation.

It is well-known that IF(X,Y) — I°(X,Y), and
DE(p1|lp2) — D®(p1|lp2) as @ — 1. The following
theorem states that this also holds for the conditional
versions of these quantities.

Theorem 7 (The a — 1 limit case). When
a—1, then IR(X,Y|Z) — I°(X,Y|Z), and
Dl (p1]lp2ipo) — D¥* (p1[p2;po).-

Similar theorems hold for the (conditional) Tsallis in-
formation and divergences as well. For a proof see the
supplementary material.

4 The Estimation Problem and the
Estimators

Now we are ready to formally define our estimation
problems. Let (X,Y,Z) ~ px y,z random variables,
X €eR% Y € R%, Z € R%. Let us have N i.i.d. sam-
ples from the px y,z distribution. They are denoted
by {(Xn;Yn; Zn)}_q, where (X,;Y,;7Z,) € Riev=
dyy. = dg + dy + d.. Our goal is to estimate the con-
ditional Rényi-a, Tsallis-cr, Kullback-Leibler, Bhat-
tacharyya, squared Hellinger, and squared Euclidean
divergences and information. We will only show de-
tailed calculations for DE(py ||p2; po), DXE(p1||lp2; po),
and IZ(X,Y|Z). Estimators for the other quantities
can be derived similarly.

We provide Lo consistent estimators for Q1, @2, and
Q3 using the {X,,; Yy; Z,}_, sample. They immedi-
ately lead to consistent estimators for DXL (py ||p2; p3),
I3(X.Y|Z) and Dg(p1|[p2; ps)-

The estimation of @);. Let J1, J2 be two disjunct
index sets such that 73 U Jo = {1,2,...,N}, and
limy o0 | Ji| = 00, @ = 1,2. Let py. 7(v) be the Eu-
clidean distance of v € R%= to its kth nearest neighbor
in the {Y}; Z;};e7 sample set. Similarly, let p,. 7(v)
be the Euclidean distance of v € R%= to its kth nearest
neighbor in the {X;; Z,},;c 7 sample set. The proposed
estimator of ) is given as follows:

I‘Z 1
Z |71\ n|(1 @) p.r él\s)(Xn;Zn)

l1-a) dy.(1-a
< |72\ n( >pyzf72\n>(X,Zn)

(k)
I'(k—a+1)I'(k+a—1)"

The estimation of Q. Let 7 = {1,2,...,N} be an
index set, and let p,, 7(v) and pg. 7 (v) be defined as

where B =
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above. The estimator of ()5 is given as:
N
~ 1 Pyz J\n(X"L;Z”)
Q2= ) dylog—"————=.
N nz::l v pxz,J\n(Xn; Zn)

The estimation of Q3. Let J;, (i = 1,...,4) be
disjunct index sets such that U?Zl J.=41,2,...,N},
and limy oo | ;] = 00, (1 = 1,...,4). Let py, 7, (v)
and pg. 7, (v) be defined as above, and let pgy. 7, (V)
denote the Euclidean distance of v € R%v= to its kth
nearest neighbor in the {X;;Y};Z;};cz sample set.
Similarly, let p, 7,(v) be the Euclidean distance of
v € R% to its kth nearest neighbor in the {Z,};c,
sample set. Let cyy., Czy, Cyz, ¢; denote the volume of
a dyyz, dzy, dy-, d, dimensional unit balls, respectively
(i.e., cq = W%/F(% +1)). Q3 can be estimated by the
following expression:

\ ) g (X Yo Z)

zyz,J1\n

ii nyz|u71
N (canlo \ n) =) 000X, Z,)

—a) d:(1—«
(e \ m]) >pz}1\n)<Z>
dy.(l—«a
(cyelTs \ )=o) o= oy, 7,

B2 (1)

5 Consistency Results

Due to the lack of space, we prove theoretical results
only for the most complex estimator, Q3. Using the
same technique, similar consistency theorems can also
be proven for Q1 and Qg For the details, see the sup-
plementary material. In Section 6 and in the supple-
mentary material we will also illustrate the consistency
of @1, Q2, and Q)3 via numerical experiments.

Let px,y,z be bounded away from zero, bounded
above, and uniformly continuous density function on
M = supp(px,y,z) domain. Let M be a finite union
of bounded convex sets. We have the following main
theorems.

Theorem 8 (Asymptotic unbiasedness of @3) Let
Then limy o E [@3} = Q3,

e., the estimator is asymptotically unbiased.

k> max(l —a, a —1).

Theorem 9 (L» consistency of estimator @3) If k>
E|(@s - Qs)*] =0,

e., the estimator is Ly consistent.

2max(l—a, a—1), then limpy o0

5.1 Proof of Consistency

We will exploit some properties of k-NN based den-
sity estimators. k-NN based density estimators use
only the distances between the observations and their
kth nearest neighbors. Let Xi., = (X1,...,X,) be
an i.i.d. sample from a distribution with density p.

Let B(z, R) denote a closed ball around = € R? with
radius R, and let V(B(x, R)) = cqR? be its volume,
where ¢4 stands for the volume of a d-dimensional unit
ball. Let p(x) denote the Euclidean distance of the kth
nearest neighbor of z in the sample X;.,,. Now, accord-
ing to Loftsgaarden and Quesenberry [1965], the k-NN
based density estimator of p at z is given as follows:
pr(x) = k/(ncgp?(x)). They also showed that if k(n)
denotes the number of neighbors applied at sample
size n, lim, o k(n) = oo, and lim,,_,o, n/k(n) = oo,
then py(n)(z) —? p(x) for almost all x. Moreover, If
lim,, 00 k(n)/log(n) = oo, and lim,, . n/k(n) = co,
then lim,, ;o sUp,, |Prmn)(7) — p(x)| = 0 almost surely.
Note that these estimators are consistent only when
k(n) — oo. In our proposed divergence estimators we
will use these density estimators. However, we will
keep k fized, and will still be able to prove their con-
sistency.

The k-NN estimation of 1/p(z) is simply ncgp?(z)/k-
One can prove that the distribution of ncgp?(x) con-
verges to an Erlang distribution with mean k/p(x),
and variance k/p?(x). In turn, if we divide the
ncgp®(z) term by k, then asymptotically it has mean
1/p(z) and variance 1/(kp?(z)). It implies that indeed
k should converge to infinity in order to get a consis-
tent estimator, otherwise the variance will not disap-
pear. On the other hand, k cannot grow too fast: if
say k = n, then the estimator would be simply cyp?(z),
which is a useless estimator since it is asymptotically
zero when x € supp(p).

Luckily, we do not need to apply consistent density
estimators. Eq. (1) has a special form:

N
~ 1 _
Q3 = ﬁ § hY(Xn,Yn,Zn)hQ’Y(Xn,Zn) (2)

n=1

X 3 (Yo, Zn)hi(Zn),

(1 - Oé), and hl(ﬂj07y0,20) =

Ca:yz‘jl \ n|nyZ jl($07yo,20) h2($0720) = COL‘Z|L72 \

n|pdzz ;. (x0,20), h3(yo, 20) = cy=| T \MPSZT% (Y0, 20),
ha(z0) = ¢.|Tu \ n|pgfj4 (20). For the sake of brevity,
let vi = (zo0,¥0,20), v2 = (T0,20), v3 = (Yo,%0),
vy = 2g. Using the Lebesgue lemma and the proper-
ties of Lebesgue points [Leonenko et al., 2008], we can
prove that the distribution function of h;(v;) converges
weakly to the distribution function of an Erlang distri-
bution with mean k/p(v;) and variance k/p?(v;). Fur-
thermore, the random variables {h;(n, )}, are con-
ditionally independent for a given (X,;Y,;Z,) (this
is the reason why we split the index sets J into four
disjunct sets). In turn, “in the limit” (2) is simply
the empirical average of the product of the yth (and
—~th) powers of independent Erlang distributed vari-
ables. These moments can be calculated analytically.

where vy =
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For a fixed k, the k-NN density estimator is not con-
sistent since its variance does not vanish. In our case,
however, this variance will disappear thanks to the em-
pirical average in (2) and the law of large numbers.

While the underlying ideas of this proof are simple,
there are a couple of serious gaps in it. Most impor-
tantly, from the Lebesgue lemma we can guarantee
only the weak convergence of h;(v;) to the Erlang dis-
tribution. From this weak convergence we cannot im-
ply that the moments of the random variables converge
too. To handle this issue, we will need stronger tools
such as the concept of asymptotically uniformly in-
tegrable random variables [van der Wart, 2007], and
we need the uniform generalization of the Lebesgue
lemma. As a result, we will need to put some extra
conditions on the density px, yv,z. The technical details
can be found in the supplementary material.

6 Numerical Experiments

In this section we demonstrate the consistency and the
applicability of the proposed estimators by numerical
experiments.

In the first experiment we generated samples with
I.(X,Y) > 0 and I,(X,Y|Z) = 0 properties. Here,
we model the situation when two random variables are
dependent, but there is a third random variable that
is responsible for this dependence. For this purpose,
we considered the X,, = A, + Z,, Y, = B, + Z,
random variables, where A,,, B,, and Z,, were inde-
pendent random variables with 1-dimensional normal
distributions having zero means and randomly chosen
covariances. Fig. 1(a) and Fig. 1(c) demonstrate the
convergence of Q3 and ff = log(ég)/(a— 1) as a func-
tion of the sample size. We chose k=1, and o = 0.7 in
these experiments. The error bars show the standard
deviation calculated from 25 independent runs. The
red lines correspond to the true Q3 and I values.

To show that the estimators can estimate mutual in-
formation in the general case too (i.e., I(X,Y) > 0,
I(X,Y,Z) > 0, and I(X,Y]Z) > 0), we repeated the
previous experiment, but this time (X;Y; Z) was gen-
erated from a general 3-dimensional normal distribu-
tion with zero means and randomly selected covariance
matrix (¥ = CCT, where C;; ~ N(0,1)). Fig. 1(b)
and Fig. 1(d) demonstrate the convergence of Q3 and
IAf as a function of the sample size. In the supple-
mentary material we demonstrate that the @1 and @2
estimators are consistent as well.

In the following experiment we show on image data
that the mutual information can either be larger or
smaller than the conditional mutual information. In

16 14

1.4 1.2
& 12:1:% & Ph*x\k

1 0.8
0.8
10t 10° 10° 10° 10 10° 10° 10
sample size sample size
(a) Qs (b) Qs
1 2
g o g !
> >
s -1 o,
-2 -2
10t 10° 10° 10° 10t 10° 10 10
sample size sample size
(c) TH(X,Y|2) (@) TH(X,Y2)
Figure 1: Estimated vs. true conditional mutual

information as a function of sample size. (a), (c):
I,(X,Y|Z) =0, (b), (d): I,(X,Y|Z) > 0. The er-
ror bars show the standard deviation calculated from
25 independent runs. The red lines correspond to the
true Q3 and IZ values. We used k = 1 nearest neigh-
bor.

other words, extra knowledge can either increase or de-
crease the mutual information. We chose a gray-scale
image (Fig. 2(c)) of size 75 x 100 and considered its
pixel values (Z € [0,255]) as if they were samples from
a distribution. We also constructed two noisy versions
of Z: weset X =7+ A (Fig. 2(a)) andY = Z + B
(Fig. 2(b)), where A and B were independent random
noise variables with uniform U[—5, 5] distributions. By
construction, I*(X,Y) > 0, and IF(X,Y]Z) = 0,
that is, the observation of Z eliminates the mutual
information between X and Y. This is also con-
firmed by the estimated IZ(X,Y) and IZ(X,Y|Z) val-
ues (Fig. 2(d)). Here we used a = 0.75, and tried
k = 2,5,10,30 nearest neighbors.

The following experiment demonstrates that the op-
posite situation can also occur. Similarly to the previ-
ous case, we chose two noisy images (Fig. 2(e) and
Fig. 2(f)). We considered their pixel values as if
they were i.i.d. samples from two random variables
X and Y, and then constructed their noisy sum:
Z = X +Y + A, where A played the role of noise
and it had uniform U[-5,5] distribution. Fig. 2(h)
shows that I*(X,Y) ~ 0 (i.e. the two original images
were almost independent), but I}(X,Y|Z) > 0.

The next experiment demonstrates that the proposed
estimator might be useful to detect confounder vari-
ables in medical data too. Note, however, that conver-
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(e) X
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2
1.5
T
MRy
o5l | [LIRx.Yiz2)
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(h) I estimates

Figure 2: Demonstration that conditioning to a third variable (Z) can either increase or decrease the mutual
information between X and Y. (a), and (b): Noisy versions of the picture in (¢). (g): Noisy sum of pictures in
(e) and (f). (d) and (h): Estimated I*(X,Y) and IZ(X,Y|Z) values for k = 2,5, 10, 30.

100 200 0
X

(a) Medical data (X,Y, Z)

X -1
(b) Medical data (X,Y)

200

2 3 4 5 10
(c) Estimated information

Figure 3: (a): The medical data set. (b): There is dependence between X and Y. (c): Estimated IZ(X,Y) and
IE(X,Y|Z) values for k = 2,3,4,5,10. Negative and zero values indicate independence.

gence rates of the estimators are not known yet. We
used the medical data published in Edwards [2000]
(Section 3.1.4.). The data were taken from 35 pa-
tients and consist of three variables: digoxin clear-
ance (X), urine flow (Y'), and creatinine clearance (Z)
(Fig. 3(a)). From medical knowledge we know that X
should be independent of Y given Z. It was presented
in Fukumizu et al. [2008] that there is a strong linear
correlation between X and Y (Fig. 3(b)), and a par-
tial correlation based test was not able to show the
conditional independence of X and Y given Z. Below
we demonstrate that our method is able to detect the
conditional independence of the variables. Since the
dataset consists of only 35 points, we applied the fol-
lowing bootstrap method: We repeated each (X,Y, Z)
point of the dataset 300 times. Then we added a
small, uniformly distributed U[—e¢, €] perturbation to
each of these 7000 data points, where ¢ was set to 5

percent of the mean values of the variables X, Y, and
Z. Fig. 3(c) shows that the Rényi information estima-
tor was able to detect the large dependence between
variables X and Y, and the conditional information
estimator shows that this dependence vanishes when
we observe variable Z. We set « to 0.5, and we exper-
imented with k = 2,3,4,5,10. For all of these param-
eters the estimated IZ(X,Y) values were larger than
zero, while the estimated I(X,Y|Z) values were all
negative indicating conditional independence.

One might wonder whether the proposed estimators
are better than the naive plug-in based estimators.
To answer this question, we implemented a plug-in
type conditional information estimator. It uses the
kernel density estimator of Gray and Moore [2003] im-
plemented by Ihler [2003]. For the kernel bandwidth
selection, we used the Scott’s factor Scott [1992]. In
this example we set « = 0.8, and (X;Y; Z) was gener-
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ated from a general 3-dimensional normal distribution
with zero means and randomly selected covariance ma-
trix. Fig 6 shows the estimation errors of these KDE
methods using Gauss and Laplace kernels, and we also
present the estimation errors of our “direct” method.
In this experiment our method achieved smaller errors
than its KDE based competitors. KDE methods tend
to be sensitive to their parameter and bandwidth set-
tings. Our method has only one parameter k; we did
not tune it, we simply set it to k = 2.

0.8

5 — Direct

= KDE Gauss
o 0.6  |..

< KDE Laplace
2 ~ 3.

< 0.4 Teeg
E Tl
S 02

(5l

o

0 1 2 3

10 10 10

Figure 4: Comparison between our method (Direct)
and KDE based plug-in estimators using Gauss and
Laplace kernels. We show the estimation errors as a
function of sample size. Error bars are calculated from
25 independent runs.

In Theorems 8-9 we have claimed that our estimator is
consistent for any fixed and large enough k. The con-
vergence rate and finite sample performance, however,
depends on k. We conjecture that the best k£ value
depends on the actual distributions. Specifically, for
normal distributions with large I(X,Y|Z) conditional
dependence it seems that setting k = 1 gives the high-
est convergence rate (Fig. 5(a)). However, when the
dependence is small, then larger k values lead to better
performances (Fig. 6). The figures show the estimation
errors as a function of sample size for several k values.
We also compare the estimators with & = v/N, which
corresponds to a plug-in type estimator with consis-
tent k-nearest neighbor based demnsity estimator. In
Fig. 5(a) this estimator has the largest error for large
sample size and the second largest for small sample
size.

7 Discussion and Conclusion

We proposed new nonparametric estimators for a fam-
ily of conditional divergences and mutual information.
We theoretically proved the consistency of these esti-
mators, and demonstrated their efficiency by numer-
ical experiments on images, synthetic, and medical
data. To the best of our knowledge, these are the first
consistent conditional divergence and mutual informa-
tion estimators that can avoid the need for density es-

0.8

0.6

0.4%

(b) Independence

(a) Dependence

Figure 5: We show the estimation errors as a function
of sample size for different k € {1,2,5,10,30,v/N}
values. Error bars are calculated from 25 inde-
pendent runs. (a): Normal distribution with large
IR(X,Y|Z) ~ 2.8 value (b): Normal distribution with
I(X,Y|Z) = 0.

timation. We have also shown empirically that the
estimators can perform better than the naive plug-in
density estimator based variants.

There are several open questions left waiting for an-
swers. Currently we do not know the convergence rates
of the estimators, and how they depend on the param-
eters k, «, the densities, and the dimensions. One
challenging problem here is that there are no known
convergence rates so far for the much easier uncondi-
tional entropy and divergence estimation special cases
either [Leonenko et al., 2008, Wang et al., 2009b]. In
turn, in order to derive a tight convergence rate for
our case, one should solve those open problems first.
Our numerical results indicate that the parameter k
which gives the fastest convergence rate depends on
the distributions. Note however, that the estimator is
convergent for every (large enough) fixed k, and k does
not need to converge to infinity, which is a requirement
for k-NN based density estimators. In practice we got
good results even when k was set to small numbers,
e.g. k = 2. We also found that our estimator per-
formed better than the naive, “plug-in” algorithms,
which estimate the densities first either with KDE or
k-NN based density estimators.

The conditions of our consistency theorems could also
be extended. We also note that although our proof
techniques require the J; index sets to be disjunct, in
practice we found that even when the index sets are
totally overlapping (J; = J;), the estimators are still
consistent, suggesting that asymptotically the correla-
tions between the limiting Erlang distributions disap-
pear. This observation leads to a 4-fold improvement
in sample efficiency. In the future we are going to in-
vestigate these questions, and we also plan to develop
new conditional independence tests based on the pro-
posed estimators.
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A Appendix—Supplementary Material

A.1 Convergence to the Erlang Distribution

In this experiment we generated N = 40000 3-dimensional points uniformly on the unit cube and calculated the
corresponding {h1(X,, Yy, Z,)})_, random variables. Figure 6 shows the normalized histogram of the variables
and the density of the Erlang(k,1) distribution. The results demonstrate that hi(X,, Yy, Z,)}\_, converges to
the Erlang distribution.

0.25 N
0.2
0.15
0.1

0.05

(a)

Estimated vs. true Erlang density
Figure 6: Convergence to the Erlang distribution.

A.2 Consistency of @1 and @2

Here we demonstrate that @1 and @2 can be used for conditional divergence estimation. In this experiment
[X;Y; Z] were generated from a 5-dimensional normal distribution with zero means and randomly selected
covariance matrices such that X and Y were forced to be independent, and we used d, = d, = 2, d, = 1
dimensions. Fig. 7 shows how the divergence estimators converge to their true values as we increase the sample
size. k was set to 1. As in the previous examples, the error bars are calculated from 25 independent experiments.

115 12
11 1k

1051 0.8

1
0.6

o 095 o
0.4
0.9
085 0.2
0.8 0
0.75 2 3 4 -02 2 3 4
10’ 10 10 10’ 10 10
sample size sample size
(a) Q1 (b) Q2

Figure 7: Estimated vs. true @1 and @2 as a function of sample size. d, = d, =2, d, =1, k = 1. The error
bars are calculated from 25 independent experiments. The red lines show the true @1 and @ values.

For closed form expressions of Q;, I® and I, see Appendix C.

A.3 Lebesgue Lemma and Lebesgue Points

Lemma 10 (Lebesgue (1910)). If g € Li(R?), then for any sequence of open balls B(z, R,,) with radius R, — 0,
and for almost all x € R (so-called Lebesgue points)

. fB(w,Rn)g(t> dt
VB ) <3>
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This implies that if R D> M is a Lebesgue measurable set, and g € L;(M), then for any sequence of R, — 0,
and for any ¢ > 0, and for almost all z € M, there exists an ng(z,d) € Z* such that if n > ng(z,d), then

fB(w,Rn) g(t) di

9(@) =0 < = Bl )

< g(x)+4. (4)

Later we will need the generalization of this property; namely, we want it to be held uniformly over z € M.

When the following property holds uniformly over x € M we say that the function ¢ is uniformly Lebesgue
approximable.

Definition 11 (Uniformly Lebesgue approximable function). Let g € L1(M). Function g is uniformly Lebesque
approzimable on M, if for any R, — 0 series and 6 > 0, there exists n = no(d) € Z* (independent of x!) such
that if n > ng, then for almost all t € M

fB(z,Rn)ﬂM g(t) dt
V(B(z, R,) N M)

g(z)—0 < < g(x)+4. (5)

This property is a uniform variant of Eq. (4). The following lemma gives an example for uniformly Lebesgue
approximable functions. For a proof, see the supplementary material.

Lemma 12. If g is uniformly continuous on M, then it is uniformly Lebesgue approximable on M.

Proof. If g is uniformly continuous on M then for all § > 0 there exists Rs > 0 such that if z,y € M, |[z—y| < Rs,
then |g(z) — g(y)| < d. Thus, g(z) — 0 < g(B(x, Rs) " M) < g(z) + 0, and furthermore if R,, < Rs, then

(9(z) = O)V(B(z, Rn) N M) < /B( . g(t) dt < (g(z) + 9)V(B(z, Rn) N M).

A.4 Moments

To be able to prove our main theorems, we will need a couple of lemmas about the moments of random variables.
This section collects these tools. As we proceed we will frequently use the following lemma:

Lemma 13 (Moments of the Erlang distribution). Let fy ,(u) = ﬁ)\k(m)uk_l exp(—A(z)u) be the density of

the Erlang distribution with parameters M\(x) >0 and k € Z*. Let v € R such that v+ k > 0. Then the yth

moments of this Erlang distribution can be calculated as [;° u” fo 5 (u) du = A(m)‘"’%.

By the Portmanteau lemma [van der Wart, 2007] we know that the weak convergence of X,, —4 X implies
that E[g(X,,)] — E[g(X)] for every continuous bounded function g. However, generally it is not true that if
X, —a X, then E[X'] — E[X"]. For this property to be held, the series of {X,,}>2; random variables should
be asymptotically uniformly integrable too. The following lemma provides a sufficient condition for this.

Lemma 14 (Limit of moments, [van der Wart, 2007]). Let X, —4 X, 0 < X,,, X, and v € R. If there exists an
€ > 0 such that limsup E {X;Z(H_E)] < 00, then the series {X, 152, is asymptotically uniformly integrable, and

n— oo

lim, 0 E[X)] = E [X7].

A.5 TUseful Tools for the Proofs of Theorems 89

Lemma 15 (Reverse triangle inequality). If 0 < a,b, and 0 < o < 1, then |a® — b%| < |a — b|*.
Lemma 16 (Minkowski inequality). If 0 < a,b, and 0 < w <1, then (a +b)¥ < a* + .
Lemma 17. Let v >0, F : R — [0, 1] distribution function. Then

/OO W F(du) = a"(1—-F(a))+ /OO (1 — F(u))du, (6)
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In the a = 0 case:
/ WF(du) = 7/ W1 = F(u))du, (7)
0 0

in the sense that the integral of either side exists and finite iff the integral on the other side exists and finite, too.

Proof. The proof can be found in Feller [1965]. O
Lemma 18. Lety > 0, F : R — [0, 1] distribution function. Then

oo

/:Oqu(du) = —a’”F(a)—Fw/ u T P (u)du.

a

In the a =0 case:
/ u YF(du) = ’y/ u T E (u)dw. (8)
0 0
Proof. The proof can be found in [Leonenko et al., 2008]. O

We will also need the 2-dimensional generalizations of Lemmas 17-18. They can be proven in the same way.
Lemma 19. Ifv > 0, then

/ / uw T F(du,dv) = 72/ / uw T T P (u,v) du d.
o Jo o Jo

Lemma 20. Let F(u,v) = Fyy(u,v) be a 2-dimensional distribution function with f(u,v) = fuv(u,v) density,
and Fy(u) = Fyy(u, ), Fy(v) = Fyv(oo,v) marginal distribution functions. For v > 0 and A € R arbitrary,
the following equation holds:

[t (2 (=)o (122

Hence, when we study the b — oo limit case, then A = A\(v) = 8FE,;?’”) = fv(v) will be a useful choice:

/OOO 0w, v)du = /Owwv—l (fﬂ@-%i’”) du. ()

Lemma 21. Let v > 0, and let F(u,v) = Fyy(u,v) be a 2-dimensional distribution function with f(u,v) =
fuv(u,v) density, and Fy(u), Fy (v) marginal distributions. The following equation holds:

/ / w Y F(du,dv) = / / V'L — Fy(u) — Fy (v) + F(u,v)]dudv.
o Jo o Jo

B Proofs

For the sake of brevity, we introduce a couple of shorthand notations. Let v1 = [z0;¥o;20], v2 = [Z0; 20],
v3 = [yo; 20], v4 = 2o, and similarly introduce the following random variables: V; = [X;Y;Z], Vo = [X;Z
Vs =[Y;Z], Vy = Z. M,; (i=1,...,4) will denote the restriction of M to the domains of variables [X;Y; Z],
[X;Z], [Y;Z], and Z, respectively. Let ¢1 = Cayz, Co = Caz, €3 = Cyz, Ca = Cz, d1 = dgyz, do = dy, d3 = dy.,
dy =d,.

From now on let 0 < p < px,y,z < p be bounded away from zero, bounded by above, and uniformly continuous
density function on M = supp(px,y,z) domain. Let M be a finite union of bounded convex sets. From this
condition it follows that almost all points of M, are in its interior, and M; has the following additional property:

A . V(B(Uz,(S) ﬂMi)
inf  inf
0<s<ivieM;  V(B(v;,6))

ir_/\/(i > 0.
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Proof of Lemma 4

Proof. Let p,q be two densities. It is easy to see that

0<a<l = 0< [p*(v)g' *(v)dv <1
a=1 = [p*()¢"*@w)dv=1
l1<a = [p*(v)g'"*(v)dv > 1.

Proof of Theorem 7

We will prove that lim,_1 DZ(p1|p2;po) — DEE(p1]|p2; po). The other cases are similar.

Proof. Let p(v,z) = po(2)p1(v|z) and q(v,z) = po(2)p2(v]2).
integral, the limit, and the differential operators can be switched:

lim D (p1 [[p2; po)
: 1 o -«
= 01‘1_>ml o log/p (v,2)qg ~%(v, z)dvdz

2 log [ p*(v,2)g" (v, z)dvdz

= lim

;  [L'Hospital rule]

a—1 8804 (a — 1)

= lim ilog/po‘(v 2)q¢' (v, 2)dvdz
a—1 aa ’ ’

= lim ! 0 /pa(v 2)q* (v, 2)dvdz
a1 [p(v, 2)qt= (v, z)dvdz da ’

= lim i/po‘(uz)ql_a(v,z)dvdz

a—1 aOé
:g‘:ml aip (v, 2)q* % (v, z)dvdz; aa/ /801
= lim [ p*(v,2)log(p” (v, 2))q" (v, 2) = p”(v, 2)q'~* (v, 2) log(q(v,

— [ pl0.) 1o8(p(v.2)) ~ p(0,2) oga(w, vz [l [ = [t

= D" (p1||p2; po).

B.1 Asymptotic Unbiasedness, Proof of Theorem 8

We want to prove that limy_, e E[@g} = Q3. Let (Xo,Y0,Zp) ~
sample {(X,; Y,; Z,)}_;. When N — oo, then |J;| — oo.

z))dvdz

Using L’Hospital rule and assuming that the

Px vy z be independently generated from the

o ElQs)
N—oc0 32
a) dayz(l—a —a) d:(1—a T
= lim E li\’: C$yz|j1\n‘) (- )pﬂcyz s(71\n)(Xn7YmZ )(Cz‘j4\n|)(l )pz,\(ﬂ\n)(zn
N—o00 N

Tz «@ _ dy.(1—a
e T \ 1)) p= 0 (X2 Z,) (42 T \ )0 pl= (v, 0 2,

zyz,J1\n

z,Ja\n

(
(
N Cyp 1\n
E Ezyzlj\ )¢

That is, we need to prove that

)] _

Nlﬂnoo B2

—a zz(1—a . —a) Ayz(l—a .
ozl T2 \ )= ol (X 7 (0| T \ ml) - 0y 7,

)
)
O e . (X Yai Za) (€| \ ) ) LT (Z,)
)

(10)
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N

. 1
= Jim 2 EE

@ dyyz(1—a)
(Ca;yzljl\ |)(1 )pmyz J1\n (X YVL7Z ) (11)
—a) Aoz o
(Cazl T2 \ n|) A=) plz=0i o) (X, 7,,)
—a dy(l1—«
(c=l T \ nf) 1= p2= 50 (2,)
(1-a) ,dyz(1-) Xn Yo, Zn
(cy=|Ts \ ) =) po0=0 " (¥,0: Z,)
« deyz(l—a o z a
[E Fczyzm)“ Dyt (X0 Yoi Zo)  (eol T o5 (o)
(caz| T) 1= p32= 07 (X05 Z0)  (cyel Ta) 1= pi2= 5= (Yo; Zo)
= Jim E [f1711.+ (X0, Yo, Z0) f1751,—~(X05 Z0) f 751, —~ (Yo, Z0) f1741.4(Z0)] »

Xo, Yo, Zo (12)

= lim
N—o00

where v = (1 — ), and

_C;sz |T1 |Vply;yf71 (w05 yo; Zo)}
[cgzuzl ”pIJg(Woﬁ
|j3| 7Pyz T3 (yo,zo)]

_cz|J4|7pz,;4<zO>] :

f\Jl ,'y(:Z:Oa Yo, 20

|
ﬁ ﬁ & &

)
f1721,—~ (205 20)
f\ng, (l/oyzo)

)

NRARTEN

To arrive at (12), we need to separate cases based on n € J; or not. Asymptotically it does not affect our
theorems because |J; \ n| € {|Ji|, || — 1}.

Our goal is to switch the limit and the expectation operators. To this end, we will upper bound the term below
by a finite quantity:

4
H f17.1(i) = fi711.4(Z0s Yo, 20) f 7], — (T05 20) £ 751, - (Y05 20) f1.741,4 (20)

and then the Lebesgue dominated convergence theorem can be applied.

Introduce the following distribution functions: F|z,|., (u) = Pr (cl|$|pfjl (v;) < u), (i=1,...,4), that is,

TYz

F]Jl [Z0;Y0; 20](u = Pr (CZL’yZ‘jllpajyz T4 (an Yo, ZO) < u) 3

)
i ieoza(®) = Pr(co\alolls: 5, (w05 20) < w),
gy oz (W) = Pr (cyZIJ?,Ip;'fifja(yo;zo)<u),
Flg,)2(u) = Pr (czlj4|pffg4(20) < u)

These distributions can be rewritten in the following forms.
Lemma 22.

k—1

Fl 7,10, (u ( > (P itus ) (1= Pz o)1, (13)
7=0

where Pgijo: = fy (o, Rt gupy P (0) dv, and Riu, [7i1) = (u/(eil D)™

In other words,

k—1
7 , o
Figi | lwosuoizo) (W) = 1= (|j > (Pl foosmoszol) (1 = Pl fwoswoszo) 7, (14)
3=0
5~ (12
2 ; .
ﬂjz|,[$0;20](u) = 1- ( ] > (P‘s72|7u,[ito;zO])](1 _ P|jz\,u7[I0;Zo])|J2| ]7
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k—1
7 | y
F\-73|7[y0§20](u) = 1= Z (| ]3) (P\Jsl,u,[yo;zo])J(l - P|.73\,u,[yo;zo])|j3| 7,

k—1
J } B
F‘j‘l"z[)(u) = 1- Z (| .74> (]D\Jz;|7u,zo)J(1 - P\\74\7u,zo)lj4‘ J,

§=0
Proof. Calculate these distributions in a “closed” form.
F7,,0:(u) = Pr (Cz|$|pfj (v;) < u)

=Pr (Pi,Ji(’Ui) < (U/(Ci|~7i|))1/di)

= Pr(pi,z. (vi) < Ri(u,|TJi))
= Pr(k elements or more in J; € B(v;, R;(u,|J;])) N M;)

|T: ]
= Z (|$|> (]D\JJ uvl) (1 _‘Pljluv,)ljl‘ i

Jj=k J
k—1

7 | N

=1 Z (| ; |) (ID\Ji‘,umi)j(l — ]D‘ji|7u,vi)‘j1| J
j=0

Investigate now the limits of these distribution functions [Leonenko et al., 2008].

Lemma 23. For almost all v; € M;, we have that F\ gz, ,, =" Fy,, (as |J;| = o). Here,

Fy,(u) =1—exp(— )\u)

;o A=py,(vi),

is the cdf of the Erlang distribution with rate parameter A and shape parameter k. In other words,

F\Jl\,[xo;yo;%] —Y F[:Co;yo;Zo]

Fl 7, woiz0) =" Flaoizo)

F‘ljsl’[yo;zo] —Y F[yo;Zo]
Bz =" Faos

where
F[f%;yo;zo](u) = 1- CXp( )‘u) 3 (Aﬁ)J ;A= vaYvZ(‘TO’ Yo, ZQ),

7=0

F[fﬁo;Zo}(“) = 1—exp(—Au) ki:l (Aﬁ)j; A = px,z(Zo, 20),
7=0

Flygizo)(w) = 1—exp(—Au) kz_:l ()\Ju!)j; A = py,z(Y0 20);
7=0

F.(u) = 1—exp(—Au) > ()\;f)j; A =pz(20).

7=0

Introduce the following random variables: §| 7, v, ~ F| 7|05 §o; ~ Fl,, that is,

5\51\,[10;1/0;20] ~ F|J1\,[wo;y0;zo]7 g[wo;yo;zo] ~ F[wo;yo;zo]’

(15)
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£|72|,[I0;Zo] ~ F|J2\,[Io;zo]’ g[fﬂo;zo] ~ F[ro;zo]7
€751, lwoszol ~ F17sllyoszols  Elwoszo] ~ Flyoszol:
§|J4|720 ~ FI..74\,ZO’ fzo ~ FZO'
Lemma 24. Let v € R be arbitrary. Then for almost all v; € M; we have that Q}ilm —a &, that is,

Y 24 Y Y Y Y Y ¥
Tl [zowoizo] 4 lromoizo)r &l lzoizo] 74 Slzoizol’ S5l woizo] 7 Slyoszo)r &l 7ulz0 7 Edo-

Proof. We already know from Lemma 23 that Fjz,|.,(-) —w Fy,(-) as [Ji| — oo, for almost all v; € M;. It
follows by definition from this that &7, ., —+4 &, ( for almost all v; € M;). Since the (-)7 function is continuous
on (0,00), thus by the continuous mapping theorem [van der Wart, 2007] the lemma follows. O

Theorem 25. Let —k < ~y. For almost all v; € M; the following statement holds:

o) = o) i
In other words,
IJHIEOO fi7~(@o,90,20) = (pX’Y’Z(xO’yO’ZO))_WIW.
\JHIBOO fiz2l,—+(20,20) = <pX’Z(xO’ZO))7F(1]j(;)7)'
IJE\IEOO f1751,—~(Wo, 20) = (vaZ(xo’yO’ZO))VW'
A fizia(z0) = (pZ(ZO))_PYF({f(Z)W.

Proof of Theorem 25. We already know from Lemma 24 that &

this it follows that E| Km o] = E[€].], then

KT\ b, —rd &, for almost all v; € M;. If from

I () = i IE{".’ AL i}: I JE{” ]
|J,;1\r—r>loo f|~77.\,"/<v) |Jil|r_r>loo cz|j| pz7j1(v) |$1‘I£loo §|.7¢\,vi

img ¢y Y] — = vy — —“firk
B[ WM}:E[W}_/O W g (1) du = (py, (v7)) (F(Z)v)’

assuming k+v > 0 and using Lemma 13. Here g,, denotes the density of an Erlang distribution with parameters

A = py, (v;). O

All that remained is to prove that if §‘VJ| v, —d &), then E| \TTI ».] = E[§)]. We are going to prove this in

Theorem 27. To see this, it is enough to show (according to Lemma 14) that for some € > 0, and ¢(v;) < oo it
7(1+e) v(1+e)

holds that lim sup| 7,_, E[ 7 v ] < ¢(v;). We do not need explicitly to calculate E[¢ ], we just have to

upper bound it with a finite quantity.

| Til,vi

Other properties of F|7 | ,,

In what follows we will need a couple of more properties of the F| 7| (z0:y0:20]s Fl 7l lz0i20]s Fl sl lyoizols FlTal 20
distribution functions. In the next theorem we summarize them.

Theorem 26 (Other properties of Fj, ., distribution functions). F|z, ., has the following properties:

1. Lety >0,00>p>py, >p>0>0,0 >0, andw € (0,1]. Then there exists No(w,v,pv,,0,01) € Z*
threshold number and L(w,~,pv,,0,01) function such that when |J;| > No, then for almost all v; € M,

/ (1= Fl7,,0,(w)“u " "du < L(w,, pv;, 6,61) < oo. (16)
0
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Here
L(Wv%p\/ia(sa(sl) :Hi)aX |:61 +51/ H’Ui7UH’ypVi('U)d’U+7'X/?;H(’Ui7pvi7(57W) (17)
H(vi,py,,d,w) (18)
k—1 w jw
1 . (Vg +90 ! — —y—jw
=3 () T (BAEER) vt 671 - 6,
= \J! pvi(vi) =6
For the w =1 special case we have that
fiaA[zoiyo; 20]) = /WF|J1|,[xo;yo;zo](du) =7/u7*1(1 — 711, [z050320) ) A
0 0
S rYL(]‘?FY?pX,Y,Za(Sa 51) < Q. (19)

Similarly,

fizala([mos20]) < AL(1,7,px,2,0,01) < 0.
f‘-73|7'7([y0;20]) S ’YL(17’Y7pY,Za6a 61) < Q.
f|J4‘,7(Z0) S ’YL(17’77PZ3(S’ 61) < Q.
2. If 0 <u <, then
Flz,,(w) < u"p* exp(pB). (20)
3. Ify<0< B, and w € (0,1], then
- y—1 w 767
u (ﬂjﬂﬂh‘ (u)) du < . (21)
B 0
4. Let —k <y <0< B, we (0,1], and kw + v > 0, then
Bl . Brety
Y= E 7)) v “du < p™ D =L . 22
| @) du < exppse) o = L(5w) (22)
Using this and (21) with B =1 and w = 1, we have that
Sl (o yos 20]) = /uvﬂjﬂ,[%;ym%](d’u) = f’y/u“’*lﬂjlmxmyo;m](u)du
0 0
- 1
< —y L(l,l)—; < 00. (23)
:~ 1:
fizoA([xos20]) < —v|L(1,1) - S| <o
:~ 1:
fizia(yoiz)) < =y [L(1,1) — S| <o
:~ 1:
fizy(z0) < —v|L(1,1) — N < .
5. If0 <y <k, then
. 1
lim 7F’|.7i|ﬂh’ (B) =0. (24)

B—0 7Y
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Theorem 27. Let —k < 7. For almost all v; € M;, we have that 5“7‘ —a &), -

v(1+e)

Proof. (i) Let v > 0. We need to prove that there exists € > 0 such that limsup, 7, _, [5\71 v ] < co. This can

be rewritten as

limsup/ fyuv(lﬁ)*l(lfF‘jiwi(u))du < oo.
0

This, however, follows directly from (19). (19) holds for any ~, and thus for v(1 + ¢), too, with any £ > 0.

v(1+¢)

(ii) Let —k <y < 0. We need to prove that there exists € > 0 such that limsupz,|_, [EIJl », | < o0o. This can

be rewritten as

fimsup [ (<) g e <.

This follows from (23), by choosing an appropriate € > 0 such that y(1+¢) <0, and k + (1 +¢) > 0.
O

Now, we are ready to put the pieces together and prove our main theorems on the asymptotic unbiasedness of
the estimator 3. We want to prove that

Q3 )
5z = Jm E [f1717 (X0, Y0, Z0) f1 71, — (X0 Z0) f1.751,—+ (Y0s Z0) f71,+(Z0)]

If we could move the limit inside the expectation, then using Theorem 25 we could continue the derivation as
follows.

Jim Eixovo:zoleps vz [f17:14(X0, Y0, 20) fi71.4(X0, Z0) f731.~ (Yos Z0) f1 7.1 4 (Z0)]
= ]E[Xo;Y(J;ZO]NPX,Y,Z |: hm E |:c’yyz|j1|’ypzzzy31 (XO;YO; ZO)’X(MYO’ ZO:|

1
| Tl )25, (Xos Zo)

E [Czw‘lppz 7(%0) ‘ZO}

‘XOaZO

Yo, Zo

Lyzwwzia (Yo; Zo)

(px,v,z(X,Y,2)) D (py(2))e=D 1 Q3
[X Y;Z)~px.v,z (pxz(Xa Z))(O‘_l)(py,z(y, Z))(a—l) B2 B2’

This would complete the proof of asymptotic unbiasedness. In the next section we will discuss conditions under
which the outer limit can be moved inside the expectation above.

Switching Limit and Expectation

Our goal is to prove that

N —o0

lim MPX,Y,Z(%:U,Z)fmm(%y»Z)f|:/2|,7w($’Z)f\y_g\,w(y’Z)f\j4|,7(2)d93dydz (25)
=/M A pxy 2 (2. Y, 2) f1210 4 (8 Y5 2) figa),— (@5 2) fl 751, (Y5 2) fia) o (2)dedyde.

We investigate the 0 < v < k and the —k < v < 0 cases in two separate lemmas.
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Lemma 28. Let 0 <y =1—-a <k. Let 6 >0, and 0 < 0 < p. Then there exists a No(v,px.v,z,0,01) > 0
threshold number such that if N > Ny, then for almost all [x;y; 2] € M

f|.71|7"{(xa y,Z)f|j2|7_7($, Z)f|J3\,—7(y7 Z)f\jz;\ﬂ(z)

1 2
<~y'L(1,7,px,v,z,0,01)L(1,7,pz,8,061) { (1,1) + 7] .

Proof. The lemma follows from (19) and (23). O

Similarly, for the —k <y =1 — a < 0 case we have the following lemma.

Lemma 29. Let —k <y =1-a<0. Let 6; >0, and 0 < < p. Then there exists a No(7,px,v,z,0,01) >0
threshold number such that if N > Ny, then for almost all [x;y; 2] € M

f|.71|7v(x’ Y, Z)f|.72|7—v(:c’ Z)f\ﬂa\,—"/(yv Z)f\34|77(z)

1 2
< L(1,-7,px,7,0,061)L(1,—v,py,z,6,01) { (1,1) - 7] .

B.2 Technical Details in the Proof of Asymptotic Unbiasedness
Proof of Lemma 23

Proof. Let u be fixed, and let R;(u, |7|) = (u/(ci|7:]))/?. According to (4), we know that for all § > 0
and almost all v; € M; there exists No(v;,d,u) € Z* such that if |J;| > Ny, then B(v;, R;(u,|T;])) = M; N
B(v;, Ri(u,|J;|)) (since almost all points are inner points in M;, lim R;(u,|J;|) =0), and

|Ti|—
Ja(oi,mau 1y P ()
py;(vi) — 0 < < pv, (v;) +6,
w0 =0 < S Ry <P
T R w7y Pvi (2) dt
pvi(v;) — 6 < PRI < pvi(vi) + 9.

u/| 7|

Introduce the following shorthands: § = (py, (v;) + 9), s = (pv, (v;) — d). Now, if |T;| > No(v;,d,u), then

i

k-1 7 ' |
F‘ljll’v’ = Z( Z) aji‘auﬂi)j(liP\Jﬂ,u,vi)‘Jili]
j=
5 ‘ KARY
BIE
>1-— 1—- =
- Zo( |7 |7l
i=
:1_’§(~7%|)(“3)j<1_ us)'J"_j
= 3Tl =D\ |Til \Ti]
:1_k 1l¢(u§)j <1_u5)|$| J.
2 31 17— )T 7
—1 —rexp(—us)

Thus for all § > 0, and for almost all v; € M;

ES
L
\ —

liminf F 7 ,,(u) > 1 - 3 (ulpy, (v;) + 6])’ eXP( ulpy, (v;) — 4]),

| Ti|—o00

<.
Il
o
.

and hence by choosing § — 0 we can see that

>
L
| =

liminf Fj 7, ., (u) > 1 — (uX)? exp(—ul) = Fy, (u),

| T | =00 j!

<.
Il
o
“w
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where A = py, (v;). Using similar arguments we can also prove that for almost all v; € M;

k—1

limsup F| 7, v, (u) <1

l
— T exp(—ud) = F,, (u).
— 7!

.

This completes the proof of the lemma. O

Proof of Theorem 26

Proof of (16) in Theorem 26. First we will prove that there exists No(w,~, pv;, J, d1) independent of v; such that
for all |J;| > Ny and for almost all v; it holds that

Nra
/ (1= Fig oy (w))*u " du (26)

0

IN

j=0

<.

< H(vi,pw,é,w)r/\;‘:.

Then we will see that for |J;| > Np it also holds that

[t~ Fars e < 0 |20 [ —oppee)

A

X exp [_((szl — k)w —1)(pv, (vi) — 9) r(v;) ‘|

IN

61 + 01 / lv; — v]|"p(v)do. (27)

We assumed that 0 < py,(v;) — ¢ for all v; € M,, and that py, is uniformly Lebesgue approximable (see

definition 11), i.e. for all § > 0 there exists Ny(8) such that if N > No(8), then for almost all v; € M; we have
that

< pv,(v;) + 6, (28)
where L
v (M’ nB (WCFN_E)) € [rm;, 1.

V(B (vi,ci_%J\N/'—ﬁ>) v

Usually r(v;) = 1 in M;, however, close to the boundary of M; its value can be less. Nonetheless, according to
our conditions it is always at least as large as raq, > 0. By definition, P 7, 4.0, dw.

r(vi) =

= meB(vi,Ri(u,Lm))pVi (v)
~ 2 ~ 2

Let |.7;| > No(8), and 0 < u < |7;|3. If we define N = (%) ,then N = (%) > | 7] > No(4), and thus from

(28) we have that

0<py(v;)—6 < _ \me,

N_ér(m ey < pv;(v;) + 6. (29)
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Assume also that Ny(0) is so large that (|J;| — k)/|J:| > 1 — § when |J;| > Ny. Hence, when |J;| > No, then

J7
[ - Aty

0
V1Tl k-l Ti ) . )
:A Uﬂil Z < jl|> (HJJ»%W)J(]‘ - ‘P\ji‘,uvvi)‘]i‘ij du
7=0

by applying Lemma 22. For brevity, introduce the following notations:

Now using (29), we can continue the inequality as follows

vang VA k1

[ 0= Fa@pataes [

0 0 J=0

Sjua‘ {1  su } | T3l =3 w
| T3l | 7|

<exp[—w(1=8)su] if | Js| > N1(d)

(3)
< 3 (ﬁ)w 50 /0oo W exp (—w(1 — §)su)du
()

In the proof we also used Lemma 16 and the facts that [(1 — z)" < exp(—zn)] and [~ v’ exp(—Au)du =
A7AT(83). The proof of (26) is finished.

Let us see now the proof of Eq. (27). In this case we have to upper bound

w
k—1

oo oo
_ - Jil |7:1—
(1= g tan= [~ |3 (M ) (Ran (= R 717 a
/\/Jil V17| 322:0 J
Let A C R? be an arbitrary measurable set, and introduce the (A = A pv, (v)dv notations. We start with an

easy observation.

Lemma 30. If u > /|7, w € (0,1], and |T;| is at least as large that w(|J;| — k) — 1 > 0 holds, then

[1— I(M; N Bvg, Ri(u, | 7)) <710
(1= T(Mi 0B (v, ut (el ) 1) )] <70

11 (M0 B (v, ) (30)
= [1 = I(M;)eFil=R)-1 (31)

(1 - H‘Z‘\,u”uz‘)w(“ﬁl_k)_l

IN
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~ 1
where we introduced the M; = M; N B (vi,ci *T; Qd) shorthands. We cannot use this time the previous

approach, since u can diverge to co. However, we can at least lower bound P| ;| ,.,- Let § >0, /|7 < u, and
py, be uniformly Lebesgue approximable with the corresponding Ny(9) threshold number, which is independent
of v;, and let | 7;| > Np. Then for almost all v; € M; we have that

I (Mi NnB (vi7 (C;%|$|_%)
V(MmB(v,-, (Cﬁ\jﬂ—ﬁ)
(M ﬂB(vZ, ( ¢ %|ji\—2%

(6 (o)) o)

|

(pv; (vi) = 0)

IN

Thus,

>,
=
<
—~
s
N
A

1/d
; 1
< I MnBlu,| ———

u 1/d

In turn, for almost all v; € M;, when 0 < § < py,(v;), and |J;| > No, w(|T;| — k) —1 > 0, then (thanks to
P g, <1, and (V1) < |Zi|%), it holds that

IN

w

k—1 ‘j
< ! > PI.]L'\,UW/L')J(l - ]D\Ji\,uﬂ)i)“zlij du <
=0

™

J

= /,Oo/ 7uv71 k|~7i|k(1*P i,u,qu)ljilik wdu
_ [ 7 |
— k‘]ikw/oo u"/*l 1— P s (1Tl —k)w—1 1— P . du
(k| 7il%) S (1= P7;)u,0:) (1= Pz u0)
o [ (Tl —kyw—1
< (W) [ _wt(1-100) (1= Py )du by (30)
()" |t (1= 10) e
" (T -Re—1 T
< (Kol (1-10D) [0 P
VITil
< (k|F|F)" exp [((j”k)wl)s] X / WL = Pl ue,)du (33)
VTl

VIl

We have to upper bound its last term, f\o/o‘jf| w1 — P\ 7, u,0;)du, as well. We want to prove that asymptotically
f\/|7 w1 = Pz, uw)du < q(175]), where ¢(|7;|) is an appropriate polynomial. The following lemma will

show that - \j
/ (17P)‘jz‘auvz)du< - /H'U 7U‘|’ypv )
\/m

for almost all v; € M;. To finish the proof, let Ny be so large that when |7;| > No, then

¥ exp | — | —k)w — v;) — r{v) min O
(KI) pl (171 = B = 1) (v, () 6)m]< (51,|$_W).

Since 0 < 7, (v;), and py, is bounded away from zero, there exists this Ny threshold number, and this is
independent from v;. O
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Lemma 31. Ify >0 and [ ||v; — v||"pv;(v) dv < o< for almost all v; € M;, then

oo LY
[ A P < L4 [ o= ol o) o
VI Ti

for almost all v; € M.

Proof. By using the du = |J;|dt, u = t|7;] integral transformation, it is easy to see that

/ uyil(l - Plji\,uﬂ)i)du =

Nzl
oo u \ V4
/;mﬁn1<11<wu03<%<gum> )))du

= \jm”/oj 1 (1 -y (Mi mB(vi,cﬁt%))) | 7| dt

e

= |J" /11 1 (1 7I<Mi ﬂB(vi,ci_%t
)))dt

7

al=

NVEa
o] _1

il [ (1= (M0 B
1

=

We upper bound (35) first:

1
.
1 MiﬁB(vi,ci

=

1
py, (v) dv) dt < |ji|7/ 7 lat

1
td)

VITil VI3l
<1
ak 1 NARRE:
< |7l [7} = |Ji|" ['y it |V
1
VITil
L A
0 0 Y
Now, we upper bound (36). Thanks to (14) and using k = 1, we have that
Fip(t) = 1= (1= Pi,)' =Py, :/ 1, py(v) do,
MnNB(vi,c, 4td)

and thus

'y/ 71 1—/ L py,(v) dv | dt =
1 MNB(vi,c; Ft1/d)

= v /100 1 (1 —F1,,(t)dt; [using (37)]
= /1 t7 dFy 4, (t) — (1 — F1,,(1)); [using (6)]

< / £ dFy (1) — (1 - Fu, (1)
0
= El|v = Vi]"]— (1 - Flyvl(l)); [by the def. of FI-Z:\,W]

S /M lo: — o[ "pvi (v) do

i

IN

/ lvi — v]|"py; (v) dv < c0;  [by assumption)].

i

|

(34)

(37)
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Fi,, € [0,1], Yv;, since this is a cdf. The [ |jv; — v||7py,(v) dv < oo for almost all v; € M; follows from our
assumptions. This finishes the proof of Lemma 31. O

Proof of (20) in Theorem 26. Note that if for all v € M, py, (v) < p, then

/ PO A= Py < 25 e ML 0, (39)
MﬂB(vb,(cljb‘)d> | T3
In turn,
JANARACD) 1 A1 713,
g = ukz i (P it )' (1= Pgiuw) [thanks to (14)]
|J1 ;
7))
<
Tk Z ( | Ti]
| il
. JI\ 1 1
< p7uj k. {smce (| ) < =
Z (77 = J!
|\.774
< P Z P *B77F. by assumption u < 3
<P exp(pﬂ).
O
Proof of (21) in Theorem 26. Use the facts Fz,|,, <1 and v < 0. Thus,
e’} oe] o e _ Ay
[ ) aus [Tom =[] =20
B B Tl v
O
Proof of (22) in Theorem 26. According to (20), if v < 3, then
8 " p w
/ W (Flgi e () du < / Wt (uFp exp(pB))” du
0 0
k ’ +hw—1 k otk
- Fve = YHkw=1q, = 5F e = ,
P exp(ppw) /O u u = p" exp(ppw) o
assuming v + kw > 0. O

B.3 Asymptotic Variance, Proof of Theorem 9

For the sake of brevity, let Q3 = Zﬁ;l 7(n), where

-« zyz(1—a —a) d:(1—a
(Cay= T2 \ n)) >pxyz§1\n’<x YiZa)  (exla\n)) pt 00 (7,

B2
dy.(l—a :
(Crz|s72 \ ’I’LD (1-a) pwz éz\n)(XTu Zn, ) (CyzljS \ n|)(1—a) pyiz)fk\n)(yn; Zn)

7(n) =

E(Q: - Q)] = E (}v > rln) = @3) =E (ﬁ, > (r(n) - Q3>>
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1 | 1 ¢
= E ; (7(i) = Q3) (r(7) = Q2) | + 3 gE [CORCONE (39)

To see that the second term vanishes, it is enough to prove that for all ¢, limsupy_, ., E [(T(z) — Q3)2:| < oo0.

limsup E [(T(Z) - Qs)z} = lim sup (Q% +E [7'2(1)] —2Q3E [T(z)]) = limsupE [7’2(1)] — Q%,

N—oc0 N—oc0 N—o0

since we already know that the estimator is asymptotically unbiased (i.e., E[7(i)] = @3). In turn, to see that
the second term of (39) vanishes, all what remained is to prove that the following lemma is true.
Lemma 32.

limsup E(x,,v;;zmpx.v.z LB [7°(0)]| X3, Y5, Z] } < o0,

N—o0
Proof. We can use the same techniques that we used for proving the asymptotic unbiasedness of the estimator.

We just have to replace v = 1 — o with 4 = 2(1 — &), and thus the corresponding “new o” is@a =1—-2(1 —a) =
2a — 1. O

The next step is to prove that the first term of (39) also vanishes.

N N
N NLE ; (7(i) = Q3) (7(j) = Qs)| = lim_ Ni gE [(7(i) — Q) (7(4) — Qs)]
1 N
= lim 5> E[r(i)7(j) - Q]

where we used again that the estimator is asymptotically unbiased. In what follows we will prove that for each
i, it holds that imx_,o E[7(i)7(j)] = Q%. Again, we should separate cases according to which 71, ..., Jy index
sets contain the ¢, j indices. For simplicity, let as assume that they are in the same set (say in J; 2 {1,2}), but
all the other cases can be handled similarly, only the set sizes will be somewhat different. Asymptotically this
difference does not affect the results.

For brevity, let

h1(20,Y0, 20) = Cay=|T1 \n|Pryz 7. (0,90, 20),

ha(x0, 20) = Co:|Jo \ nlpla 7 (20, 20),
dy.

cy=| T3 \n|pyi7‘73 (Y0, 20),

e Ta \ nlplzz, (20)-

) =
) =
h3 (o, 20) =
)

ha(zo
Using these notations we want to prove that
g—% = lim E [h] (X0, Y3, Z0)h] (X2, Ya, Za) x hy " (X1, Z1)hy " (Xa, Z2)
xhy "(Y1, Z1)hg " (Ya, Z2) x by (Z1)h} (Z2))
= ]\}KHOOEXI,YI,ZLXZ,YQ,ZQ{E[hY(XthZ1)h¥(X2,Y27Zz)|X1,Y1,Z17X2,Y2,Zz]
X E [hy (X1, Z1)hy (X2, Z2)| X1, Z1, X2, Zo]
X B [hy " (Y1, Z1)hs " (Ya, Z2)|Y1, Z1, Yz, Z2)
< E[W](20)h]}(22)| 21, 2] |
= lim Ex, v,.2 %0302 {E [00715(X1, Y1, 21, Xa, Y, 20) X0, Vi, 21, X, Vs, 2]

N—o0
X E [9)7,),—~ (X1, Z1, X2, Z2)| X1, Z1, X2, Z5]
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X E (9751, (Y1, Z1, Y2, Z2)|Y1, Z1, Y2, Zo]
X B (917411 (Z1, Z2)| 21, Zo] },

where g7, (vi, ;) = h](vi)h] (V;). Using very similar arguments to what we used for proving asymptotic
unbiasedness, we can prove that following quantities are bounded too.

g~ ([T15 915 21], [22; Y25 22]) < Ky < 00
9751~ ([215 21], [125 22]) < K2 <00

91751, (Y15 21], [yo; 22]) < K3 < 00

91 7uly (21, 22) < Ky <00

After this step, the Lebesgue dominated convergence finishes the proof of Theorem 9.
The only difference compared to the the previous case, where we proved asymptotic unbiasedness, is that now

we need to start our analysis from the following 2-dimensional distribution functions:

Ty

F\Jl\7[w1;y1;Z1]7[I2;y2;Z2](ul’ uz) = Pr (Cmy2|~71|pzyz e (T1391521) <up A C’Ey2|\71|pzyz Jl([IQ; Yo; 22]) < u2)
F‘\J2|,[zl;zl],[w2;22](ula UQ) Pr <C$Z|k72‘p$z e (xh Zl) <up A C$Z|\72|pmz jg([x2; 22]) < ’U,g)
F| 73 ly2i2) [yzisz2) (U1, u2) = Pr (Cyz|~73\/)ylfy3 (y1321) < ur A cye|Talpys 7, (s 22]) < U2)

Bl o s (1, u2) = Pr (e:]Talof5, (21) < wn A x| Talpsg, (22) < ua)

We will need the generalization of Lemma 22. FOr F| 7, | (z,5y1:21],[z25y2:22] (U1, U2), it is given below.

Lemma 33 (Generalization of Lemma 22). For brevity let

l Jil—2—j—1
S1gu1d0 = (P mvsnin]) (Pl s fwsiasz=]) (1= Py fosimnien] — Pl s frasyaiza)) :

If max(Ry (u1, |J1]), Ri(uz, |J11) < |[[z15915 21] — [22; 925 22] |, then

-2 —2—3j
‘éﬁl. > <L7ﬂ l ]) SMALLL (40)

[T1]=2|T1|-2~j
( J

Fl g [215y1521 ] [oasya;za) (u1,u2) Z Z

It is easy to see that there exists No([x1; y1; 21, [T2; Y2; 22], u1,u2) € ZT such a big number that for all N > Ny we
have that B([x1;y1; 21], R1(u1, | 1)) N B([we; y2; 22], R1(uz, | J1])) = 0, and thus Lemma 33 holds. The following

lemma claims that in this case F|7,|,(z,;y1:21],[z2:y2520] (U1, U2) can be rewritten.

Lemma 34. If (40) holds, then

FI.71\,[ﬂ?l%yl;zl],[wmyz;m] (U’l’ u2) =
k—1k—1

Jil—2 Jil—2—3j
F|J1|—17[$1;y1;21](u1) + F|J1\—17[$2;y2;@](u2) -1+ Z Z ( 1|' > <| 1 l j) SIRARAE

§=01=0 J
Lemma 35 (Generalization of Lemma 23). When [z1;y1; 21] # [T2; y2; 22|, then

im  F 7| fwrye) [oase; ZQ](ULUQ) F[rl;yl;zl](ul)F[rz;yz;22](u2)'
| T1|— o0

The remaining calculations are analogous to those that we used for proving asymptotic unbiasedness. Using
these lemmas, we can generalize Theorem 26 to the Fj7,| 1z, :y1:21],[w2;ys;20] (U1, U2) distribution function, and then
we can upper bound the g| 7, terms with finite quantities.
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C @1, @2, and ()3 for Normal distributions

Introduce the w = [v; z] shorthands.

Lemma 36. Let p(v, z) = p(w) = N, (0,%,), q(v, 2) = g(w) = Ny (0,%,). Then

Q B |2;1|a/2|2;1|(170¢)/2
et (- s 2 )

Proof. Let

. _ 1 _
Pw) = Nu(0.Z,) = 28,7 2 exp(— 3w’ T, M),
. _ 1 _
aw) = No(0,Z) = 27,72 exp(—5u" T, ).
Observe that

1

1 T —1 1/2
/exp(fiw S w)dw = 2782 = [EERIE

and therefore
. - o - g -
/po‘(w)qﬁ(w)dw = 272, |72 |27, | 'B/Q/exp(—§wTEp Lw) eXp(—EwTZq Lw)dw

1
= |(27r)712;1|a/2 |(27r)*12(;1|ﬁ/2/exp <2wT(a2p1 +[32q1)w> dw
|(2m) =13t |(2m) T P
|(2m) M a3yt + B2 |12

O
Lemma 37. Let p(v,2) = p(w) = N, (0,3,), q(v, z) = q(w) = Nyw(0,X2,). Then
1 %, 1 _ d
=-1 ¢ —tr[2 ' 8,] - <.
Q2 2 Og<|2p>+2r[ P Q] 2
Proof. Q2 = Ey~p[log p(w) — log g(w)], and
1 1 -1, T
Ep~pllogg(w)] = Eyeop —§1og [27%,| — 5”[2‘7 ww ]| .
1 1 -1, T
Ep~pllogp(w)] = Eyep —3 log 27X, | — 5”[2” ww |
1 1
= -3 log |27%,| — 51?7“[1,1].
O
Lemma 38.
>, [-(-a/2y —0-a)2
Qs I ‘ | Y | |M‘ 1/27

|2xyz|a/2|zz‘(a_l)/2

where

M=a%, + (-1 +(1- ) +(1-a)%,:.

Here X5} € Rav=Xd=y= denotes the inverse covariance matriz, where we put zeros into those entries that corre-

spond to y, and we used the elements of X} for the other entries. E;zl and 71 defined similarly.
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Proof.
///pxyz r,Y,z ) ' I(Z)dxdydz
pXZ Ty Zpyz(% z))
Let
. _ (6% _
Poe@y2) = el exp (<ol Bk i)
—1
piiz) = |27TZZ|_(°‘_1)/QeXp<—a2 ZTEz_lz),
1—a - —(1—a)/2 | oI AR S
Pz (ZL’,Z) - |27T21EZ| exp | — [.’E,Z] zzz [JZ,Z] )
. (l-a e _
pyz “y,2) = ‘27T2y2‘ “ )/Qexp <_ [y;Z]szzl[%Z}).
Now,
20X, |m0m22r s |- (1me)/2 T
@s = 1275, |*/227 %, [(a=D)/2 exp | —5lwsys 2] Mz y; 2]
|27"sz|_(1_a)/2|27"2yz|_(1_a)/2|271_M—1|1/2
|27y -| /2|27, | (= 1)/2
|2M|7(17a)/2|2yz|7(17a)/2

—1/2
12,2228 (e-D/2 M| :

O

Lemma 39. Let X = A+ Z,Y = B+ Z, where A ~ N(0,34), B~ N(0,Xp), Z ~ N(0,X2) independent
normal distributions. Then I(X,Y) >0, and I[(X,Y|Z) = 0.

Lemma 40. Let A, X,Y be independent normal distributions, and let Z = X +Y + A. Then I(X,Y) =0, and
I(X,Y|Z) > 0.

Proof.

E[X+Y+4X;Y][X+Y + 4 X; Y]]
YXx+Xy +3a Xx Xy
Yx x O
ZY 0 Ey

Z[Z;X;Y]

H(X,Y,Z) =log |EaXxYy|

H(Z) =log|(Xx + Xy + Xa)|
H(Z,X) =log|SySx + SASx]
H(Z,Y) =log |[SxSy + SaSy.

Therefore,

IX.Y1Z) = H(X.Z) 1 H(Y.Z) - HX.V.Z) - H(Z)
= log |(2X2y + EAEy)(EyEX + EAEX” — log |ZAZXEy(ZX + Xy + ZA)|
> 0.



