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1 Introduction and Related Work

The study of distances between data sets lies at the very core of many methods of cluster analysis,
where we have to choose a distance for merging ongoing clusters [47]. Metrics for data sets can
be useful in shape recognition and image classification [36, 39, 20], in genetics [1], time series [32]

or geometric inference [9], where the Hausdorff distance is a common choice.

1



However, the Hausdorff distance is designed for dealing with geometric objects, and there are
other settings where it is convenient to take into account the underlying statistical distribution to
calculate distances between data sets; a classical example is Mahalanobis distance for data sets
arising from normal multivariate distributions. Our purpose in this paper is to design a distance

between data sets that takes into account the underlying data distribution.

To this aim we will focus on the study of distances between probability measures (PM), also
known as distributions. Classical examples of application of distances between PMs in Statistics
are homogeneity tests, independence tests and goodness of fit test problems, where the goal is to
decide if some available data samples come from the same population or not. These problems can
be solved by choosing an appropriate distance between PM. Examples are the Pearsons’s goodness
of fit test based on the use of the x? distance, and the Kolmogorov-Smirnoff statistics, that uses
the L, distance between the empirical and theoretical distribution functions. Other examples of
distances between PM can also be founded in Clustering [5], Image Analysis [13], Time Series

Analysis [25], Econometrics [24, 44] and Text Mining [21], just to name a few.

Next we summarize the most important families of distances between PM. For an exhaustive review
of distances between probability distributions and theoretical results, see for instance [12, 48, 26],

and references therein.

One of the largest family of dissimilarities between probability distributions is the f-divergences
class [11]. Consider two probability densities, say P and @Q, defined on a measurable space
(X, F,p), where X is a sample space, F a o-algebra of measurable subsets of X and u: F — R™"
the ambient o-additive measure. For a convex function f and assuming that P is absolutely

continuous with respect to Q, then the f-divergence from P to Q is defined by:

4.0 - [ (%) 0

Some well known particular cases: for f(t) = % we obtain the Total Variation metric; f(t) =
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(t — 1)? yields the y2-distance; f(t) = (vt — 1)? yields the Hellinger distance.

The second important family of dissimilarities between probability distributions is made up of
Bregman Divergences: Consider a continuously-differentiable real-valued and strictly convex func-

tion ¢ and define:

4,(P,Q) = [ (p(fe) = plfo) = (fo — fo)¢/(fo)) du(a), 2)

X

where fp and f represent the density functions for P and Q respectively and ¢'(fp) is the deriva-
tive of p evaluated at fg (see [15, 10] for further details). Some examples of Bregman divergences:
©(t) = t? yields the Euclidean distance between fp and fo (in Lg); ¢(t) = tlog(t) yields the
Kullback Leibler (KL) Divergence; and for ¢(t) = —log(t) we obtain the ltakura-Saito distance.

In general dy and d, are not metrics because the lack of symmetry and because they do not

necessarily satisfy the triangle inequality.

A third interesting family of PM distances are integral probability metrics (IPM) [48, 26]. Consider
a class of real-valued bounded measurable functions on X, say H, and define the IPM between P

and Q as
2 (P, Q) —sup‘/deP’ /fd@‘ (3)

If we choose H = {h : ||h]|cc < 1} then dy is the Total Variation distance; when H = {1j_ooz) :
z € R}, dy is the Kolmogorov distance; if H = {eV=1“) : w € RY} the metric computes the
maximum difference between characteristics functions. In [40] the authors propose to choose H

as a Reproducing Kernel Hilbert Space and study conditions on H to obtain proper metrics dy.

However, there is a serious problem to implement the above described distance functions: in
real life we do not know the density functions corresponding to the samples under consideration.
For instance suppose we want to estimate the KL divergence (a particular case of (1) taking

f(t) = —logt) between two continuous distributions P and Q from two given samples. In order



to do this we must choose a number of regions, /N, and then estimate the density functions for P

and Q in the N regions to yield the following estimation:
— N P;
KL(P,Q) = p;log o (4)
i=1 i

where {p;, ¢;})¥, denotes the estimated density in each region of P and Q, respectively. It is well

known the difficulty in estimating density functions, especially in high dimensional settings.

Non parametric estimators often play a role in estimating such distances. In practical situations
there is usually available a not huge data sample, and the use of purely non parametric estimators
often results in poor performance [18]. It is also well known that the non-parametric estimations
suffers from the “curse of dimensionality”: the estimation of general distribution functions becomes
intractable as dimension arises. Another important drawback in non-parametric density estimation
is the high computation time and huge storage required. This motivates the need of seeking metrics
for probability distributions that do not explicitly rely on the estimation of the corresponding

probability /distribution functions.

An appealing point of view, initiated by Fisher and Rao [7, 2, 4] and continued with recent
development of Functional Data Analysis and Information Geometry Methods [35, 3, 34, 40], is to
consider probability distributions as points belonging to some manifold, and then take advantage
of the manifold structure to derive appropriate metrics for distributions. This point of view is

used, for instance, in the field of Image Analysis [33, 13].

In this work we elaborate on the idea of considering a kernel function for data points with reference
to a distribution function, that will be extended to a kernel (and to a distance) for data sets. The
article is organized as follows: In Section 2 we introduce kernel functions for data sets with uniform
distributions. Section 3 introduces a new metric for general data sets based on the estimation of
density level sets. Section 4 shows the performance of the proposed metric on both, simulated and

real data sets. Section 5 concludes and shows the next steps for short term future work.



2 A kernel for data sets with reference to a distribution

Consider a measure space (X, F, i), where X is the sample space (a compact set of a real vector
space in this work), F a o-algebra of measurable subsets of X and u : F — IR* the ambient o-finite
measure. A probability measure (PM) P is a o-additive finite measure absolutely continuous
w.r.t. p that satisfies the three Kolmogorov axioms. By Radon-Nikodym theorem, there exists a
measurable function fp: X — IR* (the density function) such that P(A) = [, fedu, and fp = %

is the Radon-Nikodym derivative.

From now on we focus on data sets generated from (unknown) PM and we will only mention the

corresponding distributional distance measures in Section 3.

It is possible to define distances between data sets using the RKHS representation. The authors

in [34, 40] define the induced kernel distance for the sets of points A = {x;}, € X and B =

{yi}i € X, by:

Di(A,B)=>" > K(z,2)+ Y > Ky,y)—-2> Y K(z,y)., (5)

r€EAT'EA yeEB y'eB z€AyeB

~ v

self similarity cross similarity

where the kernel measures the similarity between the sets A and B. We will work on the con-
struction of a kernel family of functions for data sets (later extended to PM) to embed the data
sets into the RKHS structure. This allows us to define a distance measure for data sets, using the
natural metric defined in Equation 5. The metrization obtained via the kernel embedding allows
us to represent the data sets by points in a finite dimensional vector space, procedure that situates

the problem at hand in the context of Functional Data Analysis.

Usually the available data are given as a finite sample. We will consider two iid samples A =
sn(P) = {x:}7., € P(X), where P (X) denotes the power set of X, and B = 5,,(Q) = {y;}L, €

P (X), generated from the density functions fp and fp, respectively and defined on the same



measure space. Define r4 = mind(x;, xs), where z;, s € A. Then r4 gives the minimum resolution
for data set A: If a point z € X is located at a distance smaller than r4 from a point z € A then,
taken IP as reference measure, it is impossible to differentiate z from x. That is, it is not possible
to reject the null hypothesis that z is generated from P, given that z is closer to x than any other

point from the same distribution. This suggests the following definition:

Definition 1. Indistinguishability with respect to a distribution. Let x € A, where A
denotes a set of points generated from the probability measure P, and y € X. We say that y
is indistinguishable from x whit respect to the measure P in the set A when d(z,y) < ra =

min d(zy, x5), where x;,xs € A. We will denote this relationship as: y AD

Given the sets A = s,(P) and B = s,,(Q), we want to build kernel functions K : X x X — [0, 1],
A(P) B(Q) AW B(Q) _
such that K(z,y) =1 wheny ="z orz ="y, and K(z,y) =0ify # z and z # y. For this

purpose we can consider smooth indicator functions, for example:

Definition 2. Smooth indicator functions. Let r > 0 and v > 0, define a family of smooth

indicator functions with center in x as:

-1 41 .
e (el =22 g |l — gyl <7

foray) = (6)
(

0 otherwise.

We represent in Fig. 1 the indicator function in dimensions 1 and 2, with parameters v = 2 and
r = 1. The smooth function f,,,(y) act as a bump function with center in the coordinate point
given by x: f,,,(y) = 1 for y € B,(z), and f,,,(y) decays to zero out of B,(z), according to a

rate that depends upon the shape parameter .



1D indicator function 2D indicator function

Figure 1: Smooth indicator functions. (a) 1D case. (b) 2D case.

It is clear from the Definition 2 that: lim Jorrn (W) = (forn(y),0:()) = 6:(y) = d(y — x), where
d() is the Dirac-Delta generalized function; for further details on Generalized Functions refers to
[42]. This result is important in order to give an asymptotic interpretation to the proposed metric.
We are now ready to define an indicator kernel function that summarizes the distinguishability

relationship between two points.

Figure 2: Illustration of the A ang 2@ relationship using smooth indicator functions.



Definition 3. Distributional indicator kernel. Given A = s,(P) and B = 5,,(Q), define

Kap: X xX —[0,1] by:

Kag(z,y) = fz,rAn(y) + fy,rBﬁ(x) - fm,rA,v<y)fy,TB,v(x)7 (7)

where r4 = mind(z;, zs), with z;,z, € A, rg = mind(y;, ys), with y;,y, € B and + it is a shape
parameter. Now, if d(z,y) > r4 and d(z,y) > rp (see Fig. 2A) then K p(z,y) =0: z € A\B

wrt. Qand y € B\A w.a.t. P. If d(z,y) > ra but d(z,y) < rp, then y € B\A w.r.t. P, but

z "9 y at radius rp and K4 g(z,y) = 1 (Fig. 2B). If d(z,y) < ra but d(z,y) > rp, then x € A\B

w.r.t. Q, but y AP) 1 at radius ra and K p(x,y) = 1. Finally, if d(z,y) < r4 and d(z,y) < rg,
then K4 p(z,y) =1 and y AB) z at radius r4 and z

W
=

y at radius rp (Fig. 2C).

Definition 4. Kernel for data sets. Given A = s,(P) and B = 5,,(Q), we consider kernels
K :P(X)xP(X)—[0,1], where P (X) denotes the power set of X, and for C and D in P (X),
define:

K<C7D): Z ZKA,B(ny)‘ (8>
zeCyeD
When C' = A and D = B, we can interpret K (A, B) as a measure for AN B by counting, using as

equality operators AP) and 50

, the points ‘in common’: g, ,(ANB) = K(A, B). The expression
in Equation 8 is directly related with the works in [34, 40]. We next give an explicit kernel function

to measure the cross-similarity between the sets A and B, as in Equation 5, based on the idea of
AAB

Is ~N

“Indistinguishability” (see Definition 1). Given the identity AUB =(A — B) U (B — A) U(ANB),
we will define g, ,(AU B) = N, where N = n+m = #(AU B), is the counting measure of
the set AU B. Therefore ug, ,(AAB) = N — pug, ,(AN B), and we can take this expression

(dividing by N) as a definition for the distance between the sets A and B. Another way to derive



an equivalent distance, is using the expression of Equation 5:

D3 (A,B) = K(A,A)+ K(B,B) —2K(A, B),
= n+m—2K(A,B),

— N2 Y Kapla,y). 9)

r€AyeB

Note that this kernel distance is defined in terms of it square. We will present a slightly different

distance in Definition 5.

It is straight to check that when the size of the sets A and B increases, then the respective radius
tends to: r4 "=° 0 and r5 =7 0. By Definition 2, the smooth indicator functions tends to the
Dirac-Delta Generalized function, therefore K (A, B) "™ u(AN B). In this sense, the Kernel
for data sets defined in Equation 8 is an unbiased estimator of the measure that correspond to the

intersection between the sets A and B: u(AN B).

In the general case, K(C, D) can be interpreted as a measure for C' N D by counting, using as
equality operators AB) and B(:Q), the points ‘in common’: ug, ,(C N D) = K(C, D). Therefore
the respective distance between C' and D obtained with the use of K(C, D), is conditioned to a

“resolution” level determined by the sets A and B (this is r4 and rp).

Definition 5. Distance between data sets. Given A = s,(P) and B = 5,,(Q), we define the

kernels distance for C' and D in P (X):
(10)

where N = n¢ + np = #(C U D) and represent the measure of the set C'U D. It is straight to

check that dx(C, D) is a semimetric (using the equality operators y 4D x ory 5@ x where it

corresponds).



When €' = A and D = B and size of both sets increases, then: g, ,(A N B) P W(AN B)

and pg, (AU B) " (AU B), therefore limy, o di (A, B) = 1 — ng%‘ We can interpret
the limit of the proposed distance as a Jaccard distance for data sets. This last expression is
clearly related with the distance defined in Equations 5 and 9, because as K (A, A) "= u(A) and
K(B,B) "= u(B), then lim,, ,,, oo D%(A, B) = u(A) + u(B) — 2u(A N B); therefore:

D?.(A, B)
lim dg(A,B)= lim —Ff 72—
n,n!LI—I}oo K( ’ ) n,7r1LII>loo PE 4 5 (A U B)

We want to exemplify how the proposed metric works with a synthetic example. We generate
two 7id samples s500(P) = A and s500(Q) = B, drawn from the bi-dimensional uniform density
function inside a ball, with center in zero and radius r = 1 (fp = Uz (= (0,0),r = 1)), and
the bi-dimensional Normal distribution function, with parameters p = (0,0) and 3 = I, (fp =
Ny (= 1(0,0),3 =1,)). We generate new sets: A" and B’, by displacing all the points in the sets
A and B a constant distance in the same direction. In Figure 3 we represent the sets A, A’, B

and B'.
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Figure 3: (a) A and A’, (b) B and B’, (¢) A and B, (d) A and B

Therefore using Definition 5, the distance between sets B and B’ should be larger compared with
the distance between the sets A and A’, because as the intersection between the last two sets
seems to be bigger, the sets A and A’ are more “similar” in relation with the sets B and B’. To

verify the similarity relations between the sets, we compute the distance matrix in Table 1:

Table 1: Matrix of distances between data sets: A, A’, B and B'.
A A B B’

A0 0792 0.104 0.821

A 0 0.823 0.104
B 0 0.864
B’ 0

11



According to Table 1:

dK(Bv B/) > dK(A7B/) ~ dK(A/>B> > dK(A7A/) > dK(Av B) ~ dK(A/7B/)7

that agrees with the visual inspection of Figure 3. For instance: dg (B, B’) = .864 > dx (A, A") =

.792.

3 A metric for data sets based on the estimation of level
sets

In a general distribution, distances between sample points vary depending on the generating PM.
Hence, using constant radii to determine the “distinguishability” relationship between points is
only adequate if we are working with the uniform PM. In this section we propose a solution to
this problem by splitting each data set in density level sets, and then considering difference sets

between consecutive density levels, for which density is approximately constant.

Definition 6. a-level sets: Given a PM P with density function fp, a-level sets or minimum
volume sets, are defined by S,(fp) = {x € X| fe(x) > a}, such that P(S,(fp)) = 1 — v, where
fp is the density function and 0 < v < 1. If we consider an ordered sequence a; < ... < ay,

o; € (07 1); then SOéi+1(fP) g Sai(f]?)'

Let us define A;(P) = Sa,(fp) — Sa,u(fp), © € {1,...,k —1}. We can choose a; ~ 0 and
ar > maxgey fp(z) (which exists, given that X is compact and fp continuous); then UJ; A;(P) ~
Supp(P) = {z € X| fp(x) # 0} (equality takes place when k — oo, @y — 0 and o, — 1 ). Note

that given the definition of the A;, if A;(P) = B;(Q) for every i when k — oo, then P = Q.

Given the definition of the A;-level set, both P and Q are approximately constant on A; and B;
level sets, respectively. Therefore the use of a constant radii is again adequate when we compare

the distance between the sets A; and B;.
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3.1 Estimation of level sets

To estimate level sets from a data sample we present the following definitions and theorems,

adapted from [29, 30, 27, 28].

Definition 7. Neighbourhood Measures. Consider a random variable X with density function
f(z) defined on R®. Let S, denote the set of random independent identically distributed (iid)
samples of size n (drawn from f). The elements of S, take the form s, = (x1, -+ ,x,), where
z; € RY Let M : R? x S, — IR be a real-valued function defined for all n € N. (a) If
f(z) < f(y) implies Jim P(M(z,s,) > M(y,s,)) = 1, then M is a sparsity measure. (b) If

fz) < f(y) implies lim P(M(z,s,) < M(y,s,)) =1, then M is a concentration measure.
Example. Consider the distance from a point x to its k*"-nearest neighbour in s,,, z*: M(z, s,) =
di(x,5,) = d(x,2®): it is a sparsity measure.
The Support Neighbour Machine [29] solves the following optimization problem:
max vnp — Z &
pi€ =1

st gx) >p—&, (11)

£ >0, i=1,....n,
where g(x) = M(x, s,,) is a sparsity measure. We present now a theorem taken from [29, 30]:

Theorem 1. The set R, = {x : h,(z) = sign(p;, — gn(x)) > 0} converges to a region of the
form S, (f) = {z|f(x) > a}, such that P(S.(f)) = v. Therefore, the Support Neighbour Machine

estimates a density contour cluster So(f) (around the mode).
Hence, we take A;(P) = Sa,., (fp) — Sa. (fp), where Sy (fp) is estimated by R, defined above.

Definition 8. Weighted level-set distance. Consider data sets A = s,(P) and B = s,,(Q),

generated from PMs P and Q, respectively. Choose a partition aq < as < ... < ag, o; € (0,1)
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and denote by A;(P) = Sai+1(fp) — 8. (fp) the estimation of A; = S (fp) = Sa,(fp) based on set

A

A; and define similarly, B;(Q). Then we define the weighted a-level set distances between the sets

A and B by
k—1
i=1
where wy, ..., wp_; € RT. Thus

die(A, B) =Sy (1 — 2020 ) N~y (1 — BEas 7
K ( ) ; ( #(A; U By) ; fixc s 5 (Ai U By)

where g, , is the ambient measure. Equation (12) can be interpreted as a weighted sum of
Jaccard distances between the A;(P) and B;(Q) sets. In the subsection 3.2, we will propose

several schemes for setting the weights {w; }=}.

Now we can define a distance between probability distributions P and Q:

Definition 9. Distance for probability distributions. Given two PMsP and Q, and samples
A =5,(P), B=35,(Q), we define:

k—1

(n,m,k)—oc0 =1

where d is given in Definition 5 and A;(P) and B;(Q) for ¢ = 1, ..,k — 1, are the partitions of the

sets A and B. In practice, we will use di (A, B) to estimate the distance between P and Q.

3.2 Choice of weights for a-level set distances

Now is the time to fix some weighting schemes for the distances defined by eq. (12). Denote by sp
and sg the data samples corresponding to set of points/PMs A(PP) and B(Q) respectively, and de-
note by s 4, p) and sz, o the data samples that estimate 4;(P) and B;(Q), respectively. We estimate
the geometric structure of these sets using the following coverings: AZ(IP’) = UxESAi@»)B (x,r Ai(P)),

and B;(Q) = UyESéi(Q)B(y, T'3,(@))s @S you can see in Figure 4.
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Figure 4: (a) Data samples s4 (dense) and sp (empty), in this case uniformly distributed. (b)

Covering A. (c) Covering B.

Let k denote the number of levels in partition & = {a(;}¥. Denote by n A, the number of data
points in s 4, p), N, (q) the number of data points in sz, q), 7 4, the (fixed) radius for the covering
Ay(P) and r B,(g) the (fixed) radius for the covering B;(Q). We define the following three weighting

schemas (see more details in [27, 28]):

Weighting Scheme 1 : Choose w; in (12) by:

"a,®  TBi(Q

1 [z—yl2
wi=— > > (1=1L, ... (2,9 R - . (14)
k IGSAi(P) yESBi(Q) ( M@ ) <SBi(Q) o AZ(]P))) U (SAi(IP) o BZ(Q))

Weighting Scheme 2 : Choose w; in (12) by:

1
Vi zesAigg)ésB¢<Q> {<1 - I"Aim)”fzi(@) (z,y) |z =y Hz} ' (15)

Weighting Scheme 3 : Choose w; in (12) by:

A ~

H (sp,q) = AiP), 54, — BiD), (16)

w; =

1
k

15



(a) Weighting Scheme 1 (b) Weighting Scheme 2 (c) Weighting Scheme 3

Figure 5: Calculation of weights in the distance defined by equation (12).

where [, (x,y) = 1 when y belongs to the covering A,z belongs to the covering B or both

TATB
events happen. H(X,Y) denotes the Hausdorff distance (finite size version) between finite

sets X and Y (which estimates the ‘theoretical’ Hausdorff distance between space regions X

and Y'). In this case X = A;(P) — B;(Q) and Y = B;(Q) — A;(P).

The intuition behind the three weighting schemes is illustrated in Figure 5. In weighting scheme
1 the weight w; is a weighted average of distances between a point of s Ai(p) and a point of s Bi(Q)
where ||z — y||2 is taken into account only when IrAi(]P>’TBi(Q)<x, y) = 0. To illustrate this, consider
T € syp and y1,y2 € Sp,q) (Figure 5 (a)). The quantity |z — yil2 does not contribute to
calculation of the weight w; because y; belongs to the (red) covering ball centered at x. That is,
y1 belongs to the cover estimation of A;(IP) and therefore should not be taken into account for
the calculation of the distance. On the other hand, ||x — y2|]2 contributes to the calculation of
the weight w; because ys does not belong to the (red) covering ball centered at z. In weighting
scheme 2 w; is proportional to the maximum distance between a point belonging to /L(IP’) and a
point belonging to BZ-(Q), given that the covering balls centered at such points do not overlap.

~

Figure 5 (c) illustrates the Hausdorff distance between the sets sp, o) — Ai(P) and s 4, p) — B;(Q).
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4 Experimental Work

Being the proposed distances intrinsically nonparametric, there are no simple parameters on which
we can concentrate our attention to do exhaustive benchmarking. The strategy will be to compare
the proposed distances to other classical PM distances for some well known (and parametrized)
distributions and for real data problems. Here we consider distances belonging to the main types
of PMs metrics: Kullback-Leibler (KL) divergence [6, 31] (f-divergence and also Bregman diver-
gence), t-test (T) measure (Hotelling test in the multivariate case) and Energy distance [43, 38].
For further details on the sample versions of the above distance functions and their computational

subtleties see [37, 8, 45, 31, 41, 17, 43] and references therein.

4.1 Artificial data
4.1.1 Discrimination between normal distributed sets of points

In this experiment we quantify the ability of the considered set/PM distances to discriminate
between multivariate normal distributed sets of points. To this end, we generate a data sample of
size 100d from a N (0, I;) where d stands for dimension and then we generate 1000 iid data samples
of size 100d from the same N(0,I;) distribution. Next we calculate the distances between each of

these 1000 iid data samples and the first data sample to obtain the 95% distance percentile.

Now define § = 61 = §(1,...,1) € R? and increase ¢ by small amounts (starting from 0). For each
0 we generate a data sample of size 100d from a N (0 + d,1;) distribution. If the distance under
consideration for the (displaced distribution) data sample to the original data sample is larger
than the 95% percentile we conclude that the present distance is able to discriminate between both
populations and this is the value 6* referenced in Table 2. To make the process as independent as
possible from randomness we repeat this process 100 times and fix 0* to the present ¢ value if the
distance is above the percentile in 90% of the cases. Thus we are calculating the minimal value 6*

required for each metric in order to discriminate between populations with a 95% confidence level
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(type I error = 5%) and a 90% sensitivity level (type II error = 10%). In Table 2 we report the
minimum distance (6*v/d) between distributions centers required to discriminate for each metric
in several alternative dimensions, where small values implies better results. In the particular case
of the T-distance for normal distributions we can use the Hotelling test to compute a p-value to

fix the 0* value.

Table 2: 6*v/d for a 5% type I and 10% type II errors.

Metric |d: 1 2 3 4 5 10 15 20 50 100
KL

T 490 297 286 256 246 231 201 212 .193 .110
Energy 460 283 284 250 257 234 213 223 .198 141
WLS(1) 490 354 277 220 224 221 174 178 134 .106
WLS(2) 450 283 268 240 229 231 232 223 212 134
WLS(3) 490 141

The data chosen for this experiment are ideal for the use of the T statistics that, in fact, outper-
forms KL (results in Table 2). However, Energy distance works even better than 7" distance in
dimensions 1 to 4 and WLS(1) performs similarly (slightly better) to T (except for dimension 2)

in dimensions upon 3.

In a second experiment we consider again normal populations but different variance-covariance
matrices. Define as an expansion factor ¢ € R and increase o by small amounts (starting from
0) in order to determine the smallest o* required for each metric in order to discriminate between
the 100d sampled data points generated for the two distributions: N(0,1;) and N(0, (1 + o)I,).
If the distance under consideration for the (displaced distribution) data sample to the original
data sample is larger than the 95% percentile we conclude that the present distance is able to
discriminate between both populations and this is the value (14 ¢*) reported in Table 3. To make
the process as independent as possible from randomness we repeat this process 100 times and fix
o* to the present o value if the distance is above the 90% percentile of the cases, as it was done

in the previous experiment.
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Table 3: (14 o*) for a 5% type I and 10% type II errors.

Metric | dim: 1 2 3 4 ) 10 15 20 50 100
KL 1.250 1.180 1.175 1.075 1.055 1.045 1.030 1.014
T

Energy 1.900 1.600 1.300 1.160 1.150 1.110 1.090 1.030
WLS(1) 1.700 1.350 1.150 1.120 1.080 1.050 1.033 1.025 1.015 1.009
WLS(2) 1.800 1.450 1.220 1.200 1.180 1.080 1.072 1.070 1.045 1.020
WLS(3) 1.900 1.450 1.300 1.280 1.090

We can see here again that the proposed metric WLS(1) is better than the competitors in all
dimensions considered, begin the WLS(2) the second best in performance. There are no entries
in Table 3 for the T distance because it was not able to distinguish between the considered

populations in none of the considered dimensions.

4.2 Real case-studies
4.2.1 Text Mining

For the first real data example, we consider a collection of 1774 documents (corresponding to 13
topics) extracted from three bibliographic data bases (LISA, INSPEC and Sociological Abstracts).

We present a brief summary list of topics considered in each data base:

business archives in de 137
lotka’s law 90
biology in de 280

automatic abstracting 69

Self organizing maps 83
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dimensionality reduction 75
power semiconductor devices 170
optical cables 214

feature selection 236

Intelligence tests 149
Retirement communities 74
Sociology of literature and discourse 106

Rural areas and rural poverty 91

Each document is converted into a vector into the Latent Semantic Space using the Singular Value
Decomposition, and the documents corresponding to one topic are considered as a sample from the
underlying distribution that generates the topic. Next we calculate the 13 x 13 distance matrix
and perform MDS, not on the individual documents, but on the document sets. The result is
shown in Figures 6 and 7, where we can see that close groups correspond to close (in a semantic
sense) topics, that indicates the distance is working properly in a nonparametric setting in high

dimension.
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Figure 6: Dendrogram for the 13 x 13 document data set distance.

Figure 7: Multidimensional Scaling of the 13 groups of documents.
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4.2.2 Shape Classification

As an application of the preceding theory to the field of pattern recognition we consider a cases
of shape classification problem. For this we consider the Tree Leaf Database [19]. We represent
each leaf by a cloud of points in R?, as an example of the treatment given to a leaf consider the

Figure 8.

Figure 8: Real image and sampled image of a leaf in the Tree Leaf Database.

For each image i of size N; x M; we generate a uniform sample of size N;M; and retain only those
points which fall into the white region (image body) whose intensity gray level are larger than a
fixed threshold (.99). This yield a representation of the leaf with around one thousand and two
thousand points depending on the image. After rescaling and centering, we computed the 10 x 10
distance matrix (using the WLS(2) distance and the Energy distance in this case) and the MDS
plot in Figure 9. It is clear that the WLS distance is able to better account for differences in

shapes.
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Figure 9: Multi Dimensional Scaling representation for leaf database based on WLS(2) (a) and

Energy distance (b).

5 Conclusions

In this paper we afford the task of defining distance functions for data sets (and distributions) in
a functional data analysis context. To this aim we introduce kernels that provide a metrization
of P (X), which allows the use of the natural metric induced by the kernel function. An inter-
esting point is that kernels used in this work take into account the underlying (data) generating
probability distributions. The estimation of these set/PM kernel distances, does not require the
use of either parametric assumptions or explicit probability function parameter estimations, which
makes a clear advantage over most well established PM distances, such as the families of Bregman

divergences, f-divergences and Integral Probability Metrics.

A battery of real and simulate examples have been used to study the performance of the new
distance. In particular in the case of normally distributed data, the generated data sets are ideal for
the use of T-statistics, but the proposed distances show superior discrimination power. Regarding

the practical applications, the new PM distances have been proven to be very competitive in shape

23



recognition and text mining problems.

Future Work: Given a positive definite function K : P (X) x P (X) — [0, 1], as it is defined in
Equation 5, by Mercer’s theorem there exists an Euclidean space H and a lifting map ® : P (X) —
H such that K (A, B) = (®(A), ®(B)) with A, B € P (X) [23, 34, 40]. The study of the lifting
map ¢ : P (X) — H is the object of our immediate research, in order to understand the geometry

induced by the proposed metric and the asymptotic properties of the developed distances.
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