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Abstract

A relative measure of informational distance between two distributions is introduced in this paper.
For this purpose the Hellinger distance is used as it obeys to the definition of a distance metric
and, thus, provides a measure of informational “proximity” between of two distributions. Certain
formulations of the Hellinger distance between two generalized Normal distributions are given
and discussed. Motivated by the notion of Relative Risk we introduce a relative distance measure
between two continuous distributions in order to obtain a measure of informational “proximity” from
one distribution to another. The Relative Risk idea from logistic regression is then extended, in an
information theoretic context, using an exponentiated form of Hellinger distance.
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1 Introduction

The discrimination, or information divergence, between two random variables (r.v.-s), say X
and Y, refers, in principle, to an information-theoretic method that measures the increase,
or decrease, of the amount information regarding an experiment. The term information
distance is also used. However, the term “distance” it is not mathematically accurate, as the
information divergence is often not a distance metric. In the context of Information Geometry,
the search for information divergences that are also distance metrics on a statistical manifold
is essential.

To measure the information distance between two distributions, the Kullback-Leibler (KL)
divergence is one of the most commonly used measures, also known as relative entropy. The
KL divergence serves as a simple quantification method of the amount of information “gained”
when a given distribution (characterizing an I/O system) is substituted by another one. Recall
that, for the discrete probability distributions P and @, the KL divergence from @ to P is
defined to be

D (PlIQ) := ZPilog%, 1.1
i=1 t

which is the expectation of the logarithmic differences between probability values P; := P(i)
and @; :=Q(i), 1 =1,2,...,n. Note that probability values such that @; = 0 are considered only
if P; =0,i€({1,2,...,n}. In general, for probability measures P and @ on the same space, with
p and g denoting probability densities (with respect to a common probability measure p on
their space), the KL information divergence is defined as, [1, 2],

Din(PlQ):= f p()log 2% dputx). (1.2)
q(x)

In principle Dk, (P Q) # D1 (Q|P). In this paper we shall adopt continuous probability
distributions for the KL divergence as well as for all the other information measures/divergences.

Here is a well known example: The “distance”, or better to say “how far is” the standard
normal distribution P ~ .4(0,1) = P from the Laplace distribution £(0,1) =@, is given by

Dk (PIQ)=3log2 -1+ \/g =0.07209 and Dxr(Q[P)=0.22579, (1.3)

considering that
plx):=©2n)~ V2 e_x2/2, xeR, gqx):= %e_lxl, x €R, with

Ep(X])=V2/n, and Eg(X|)=1,
with Ep(X?) =1 and Eg(X?)=2.

Information distances are often used in practice as in Cryptography. Typical example being
the set of 2" binary words of length n, say W,,, with the distance D(a,b) between words a
and b, defined to be the number of bits in which word a differs from word b. As an example,
D(1010101,1100100) = 3. In such cases we are interested in evaluating D, which is the
minimum information distance between two distinct codewords in a given set. The above
discussion shows that there is a reason for the experimenter to know how “close” can be
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(from the informational point of view) two given distributions that correspond to some to
Input/Output system.

If it is to investigate how close two distributions are, from the classical statistical point of
view, the known Kolmogorov-Smirnov test can be simply applied. Recall that, as far as
the estimation problems are concerned, the minimum distance property is also a statistical
property, embedded in the notions of likelihood, regression, y? etc. Therefore, adopting
a measure of distance for given probability measures P and @, it would be of interest to
calculate the minimum distance. Moreover, [3] defined a conceptual distance metric which
applied to bioassays, while in [4] a mini-max distance method was introduced, based on an
entropy measure.

In this present work, the idea of Relative Risk (RR), fundamental to Logit methods, see [5],
shall be transferred in a more information-theoretic framework: The well-known odds ratio,
defined to measure a dichotomous exposure-outcome scenario, is eventually evaluated as the
exponential of the logistic regression coefficient (to the given data), say 6. This exponentiated
function e? — 1 is a distance, provided d is a distance, see [6], and remains invariant under
linear transformation; see [7, 8]. Therefore, evaluating the Hellinger distance for two y-order
Generalized Normal (y-GN) distributions, the exponentiation (as above) of this distance, is
also an informational distance metric, acts as a Relative Risk to what y-GN we are closer.

Recall the y-GN family of distributions, consisted of a three parameters exponential-power
generalized form of the usual multivariate Normal distribution defined below; see [9, 10] for
details.

Definition 1.1. The p-variate random variable X follows the y-order Generalized Normal
distribution, i.e. X ~ vap (i, %), with location parameter vector u € R”, shape parameter y €
R\ [0, 1] and positive definite scale parameter matrix X~ € RP*P when the density function fx
of X is of the form

fx() = fx(@; 1, 5,7,p) = Cxexp| -5 Qo™ 1}, xeRP, (1.4)

where @y denotes the p-quadratic form Qg(x) := (x — ,u)Z‘l(x - u)T, x€RP, 0 :=(u,X). with the
normalizing factor Cx is defined as

(5+1) (P, (1.5)
w2 (p Lt +1)viET T

where |A|:= det A denotes the determinant of any A € RP*?,

CX =Cx(z,)/,p):= mafo =

The p.d.f. fx as above shall be adopted for the probability densities p and g discussed in
(1.2). Notice that the location parameter vector u of X is essentially the mean vector of X,
i.e. u = px := E(X). Moreover, for the shape parameter value y = 2, </V2p (u,2) is reduced to
the well known multivariate normal distribution, where X is now the covariance of X, i.e.
CovX =2.

The family of ,/V},p (u,2) distributions, i.e. the family of the elliptically contoured y-order
Generalized Normals, provides a smooth bridging between some important multivariate (and
elliptically countered) distributions. Indeed, [11]:
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Theorem 1.1. For the elliptically contoured p-variate y-order Normal distribution JVYP (u,2)
with peRP and X € RP*P we obtain the following special cases:
v:=0. Forthelimiting case of the shape parameter y — 07, the degenerate Dirac distribution
2(w) with pole at p is dertved in dimensions p := 1,2, while for p = 3 the p.d.f of
M, Z) is flattened (p.d.f is everywhere zero).

y:=1. For the limiting case of vy — 1% the elliptically contoured Uniform distribution
UP(u,X) is obtained, which is defined over the p-ellipsoid Qg(x) = (x — W)X~ (x —
wh<1 xeRP.

Y :=2. For the “normality” case of y := 2 the usual p-variate Normal distribution NP (u,X)
is obtained.

Y :=xoo. For the limiting case of y — *oo the elliptically contoured Laplace distribution
£LP(u,2) is derived.

One of the merits of the .#, family of distributions is that it can provide “heavy-tailed”
distributions as the shape parameter y influences the “probability mass” at the tails; see
[11, 10, 12].

The corresponding cumulative distribution function (c.d.f.) of the y-GN, as in (1.4), is expressed
as [12],

_ _ - /(y—1)
FX(x)ZI—Z;I(Y—l u(xa"‘)” ) xeR, (1.6)
v

where (-,-) denotes the upper (or complementary) incomplete gamma function. Alternatively,
using positive arguments for the upper (complementary) incomplete gamma function (a,x),
x €R, a € R; (which is more computationally oriented approach), it holds that

lg _
Fx(x)= 1+S2ﬂ—(sgnz)w, z=2z2(x; u,0):= X 'u, x€R. 1.7
2(g) g
In such a case, the quantile function is then given by
. 1—1 8
Qx(P):=inf{xcR: Fx(x)>P} =sgn@P - 1o L (g, 12P-1)|", Pe©,D. (8

2 KL Divergence and the y-GND

In this section the information divergence, between two y-GN distributions of the same order
and mean is obtained through the KL measure of information divergence. Recall that the KL
divergence Dg1(X||Y) from a r.v. Y to another r.v. X (of the same dimension) can be defined,
through (1.2), as

Dx1,(X|Y):=DgL(Fx|Fy), 2.1

where Fx and Fy being the cumulative distribution functions of r.v.-s X and Y respectively.
The KL divergence, which is the most frequently used information distance measure in practice,
is not a genuine distance metric, as it is not non-negative in general, violating the “positive
definiteness” or, alternatively, the “identity of indescernibles” property (i.e. is a distance pseudo-
metric). Moreover, Dk, does not obeys the “subadditivity” property, also known as the triangle
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inequality (i.e. is a distance semi-metric), while also violates symmetricity (i.e. is a distance
quasi-metric). That is why we shall refer to it as a “divergence” rather than a “distance”
measure. Note also that the KL divergence can be adopted to evaluate the transfer entropy
between stationary processes whose continuous probability distributions are known. For the
-GN case see [13].

Specifically, for two spherically contoured y-order normally distributed r.v.-s with the same
mean and shape, i.e. X € Ay (u1,0%,), Y ~ Ay (p2,020,), with p:= g = pg € RP, the KL
divergence of X over Y is given by, [14],

DL(XIY)=plog &2 - p(51) [1- (81)77]. 2.2)

while for p; # ug and y =2, it holds

_D 02 o1\2 , llpe =l
which is the usual KL divergence between two normally distributed r.v.-s. For the KL divergence
of the y-GN distribution over the Student’s ¢-distribution see [15].

Remark 2.1. 1t is worth mentioning that the expression (2.2) is always positive definite as well
as proportional to the dimension of X and Y for every 01,02 € R* and y € R\[0,1]. Indeed,
Dg(X|Y) ox p € N* :=N\{0}. Moreover, writing (2.2) as D(s) := Dg(X|Y) = plogs —pg(l -
s7V€) where s := g9/01 and g := (y—1)/y, the relation D'(s) := %D(s) =5 1—s~(&+DE = 0 yields
s7V8 =1, and hence s = 1 while D(1) = 0. It is then easy to see that D'(s) > 0 for s > 1,
and D’(s) < 0 for s < 1. Therefore, (2.2) admits always a (global) minima when o1 := o9 or
equivalently when X =Y. As a result, the global minima of D at 1 and the fact that D(1) =0
implies the positiveness of Dk, (X |Y), while the fact that o = 1 is also a global minima implies
that X =Y when D(X|Y) = 0 is assumed, i.e. the KL divergence between two spherically
contoured y-GN distributions of the same mean obeys positive definiteness. Moreover, (2.2)
is also a non-bounded information divergence. In particular, concerning the limiting behavior
of (2.2) with respect to the scale parameters o;, i = 1,2, it holds that lim,, . ;o Dg,(X||Y) =
+00, i = 1,2. Indeed, it holds that limg, . 0o Dr(X|IY) = —pg + plimy, .+ o0 log(oa/o1) = +00.
On the other hand, limy, .+ Dx(X 1Y) = —pg + plimg_q+ (logs + s 8) = lim,_o+ s7V8(1 +
sY8logs) =limy_+ s V8(1 - gs¥8) = lim,_¢+ s78 = +00, since g e R*.

One can also notice that the relation (2.2) implies, for appropriate choices of the y value
(recall Theorem 1.1), that the KL divergence between two uniformly distributed r.v.-s U; €
P (u,a?[lp), i=1,2, is given by,

o
plogg—i, o1 =09,

+00, 01>09,

Dk (U1llU2) = lin}pKL(XIIY) = { (2.4)
Y*»

while the KL divergence between two Laplace distributed r.v.-s L; € £? (,u,a?[lp), i=1,2,is
given by

Dyt (L1IL2) = lim Dyr.(X 1Y) = p (log §2 1+ GL). @.5)
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From (2.2), it is easy to see that
DY (n<DEy), p=12,..., (2.6)

where D, (y) := Dgp(X||Y), X ~ A (n,021,) and Y ~ NF (1,031,). Similar inequalities hold
also in case of Laplace probability function for y — +co. Note also that for given p, u1 = o,
and o1 # o2 the KL divergence in (2.2) appears in a strict descending order as y € R\ [01]
rises. In particular,

D%L()/l) > D%L(Yz), for y1 < ys. 2.7

Therefore with Laplace, y — +00, we obtain a lower bound, i.e.

D%, (c0) < D%, (y), for every y and p € N. (2.8)

3 Families of Information Divergences and Symmetry

Recall that the Fisher’s entropy type information measure Ix(X) of an r.v. X with p.d.f. f on
RP, is defined as the covariance of r.v. Vlog f(X), i.e. Ir(X) := E[||V1og £ (X)|?], with E[-] now
denotes the usual expected value operator of a random variable with respect to the its p.d.f.
Hence, Ix(X) can be written as

vm“z dx.

3.1
The Fisher’s entropy type information of an r.v. X is a special case of information measures
defined by the general form

Ie(X) = f £V log f)|2 dx = f £ IVF G2 dx = f Vf(x)Viogf(x)dx = 4 f
RP

RP RP RP

IX) = I(X; g,h) = g[E[n(UX)]), (3.2)

where g and A being real-valued functions and U being the score function, i.e. U(X) :=
||V10g f(X )H Indeed, letting g :=i.d. and A(X) := X2 we obtain the entropy type Fisher’s
information measure of X as in (3.1), i.e.

Ip(X) =E[|Vieg £X)|?]. (3.3)

Other entropy type information measures, such as the Vajda’s, Mathai’s and Boeke’s information
measures, denoted with Iy, Iy and I'g respectively, are defined as follows:

Iv(X):=I(X), with g:=id. and Ah(u):=u% a=1, (3.4a)
In(X):=I(X), with gx):=xY* and h(u):=u®, a=1, (3.4b)
Ig(X):=I(X), with g(x):=x*! and h(u)::u%, acR*\ 1. (3.4¢)

For a generalisation of the Fisher’s entropy type information measure see [16].

We define here a general formulation for information divergences of a p-variate r.v. X over a
p-variate r.v. Y, which is given by

Dgr(X|Y):= g( h(fX,fY)) , (3.5)
RP
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where fx and fy are the p.d.f.-s of X and Y respectively. We are then reduced to a series
of known divergencies, [17, 18, 19, 20, 21], such as the Kullback-Leibler Dx;,, exponential
D., Vajda’s Dy, Kagan (or y2) Dz, Csiszar D¢, Rényi Dy, Tsallis Dr, Amari Da, Chernoff

a-divergence (of the first type) D(C“ﬁ, Chernoff a-divergence (of the second type) D’é‘}ll), and the

Chernoff D¢y, divergence, as well as the distances, such as the Hellinger Dy, Bhattacharyya
Dg, and total variation §:

Dru(XIY): With g := id. and A(fx,fy) = fxlog}’:—?yf, (3.6a)
2
Do(XIY): With g := id. and A(fx,fy) == fx (log];—);) , (3.6b)
Dy(X|Y): With g = 1id. and A(fx,fy) := fX‘l—;—;’"a, a=1, (3.6¢)
2
D (X|Y): With g := id. and A(fx,fy) = %fx(l—%) , (3.6d)
R s o fx\ ¢ convex,
Do(X|Y): With g := id. and A(fx,fy) = fm(fy), o) a0, (3.6¢)
Dr(X|Y): With  g:=—2;log and h(fx,fy) == fefy % 0<a#1, (3.60)
Dp(X|Y): With g(u) := =% and A(fx,fy) i= f5 OfS, 0<a#1, (3.62)
DAXIY): With gw) := =% and A(fx,fy) := fy Pf7% a#+1,  (3.6h)
DHXIY): With g :=id and h(fx,fy) = fefy %, a€(0,1), (3.61)
D'éﬁ)(XIIY): With g(u) := —a(ll__“a) and h(fx,fy) = fefy % a€(0,1), (3.6j)
Dcn(XY): With g :=-1lo n}(i)nl) and A(fx,fy) := f}‘}f%_“, ac(0,1), (3.6k)
2

Du(X,Y): With g) = v and A(fx.fy) = 3 (Vix- Vi) , (3.61)
Dg(X,Y): With g = —log and Ah(fx,fy) = V[fxfy, (3.6m)
6(X,Y): With g :=id. and h(fx,fy) == |fx—fv| (3.6n)

Alternatively, the above divergencies belong also to the wider Ali-Silvey class of information
divergencies [18], expressed in the form

Das(X11Y):= g(E [n(¢)]), 3.7)

where g is a non-decreasing function, 7n is convex, E[-] is the expected value operator (with
respect to the p.d.f. of Y), and ¢ denotes the likelihood ratio fx/fy. For example, KL is an Ali-
Silvey divergence as in (3.7) with g :=i.d. and n(x) := xlogx, x € R**. Chernoff a-divergence
(of the first type) D(C“}i is also an Ali-Silvey divergence with g :=i.d. and n(x) := —x%, x € R. For
the Chernoff divergence D¢y, we must adopt as g(x) := —log(—x), x € R*~.

Note that Tsallis and Rényi divergences are related through the mappings

Di(X|Y)= 12 |1- e PPRYIDN - or DR(X|IY) = L1 log(1-Dp(Y IIX)). (3.8)

l1-a
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Regarding Bhattacharyya distance, Hellinger distance, and Chernoff a-divergence, between
two multivariate normally distributed r.v.-s, the known computations are given in the following
example:

Example 3.1. Let X ~ A/ P(ux,Xx) and Y ~ N P(uy,Zy) with means ux,uy € RP, ux # uy,
and covariances Xx,Xy € RP*P Xx # Xy. Then

12x|

Dp(X,Y) = tlog——=—— + L(ux —uy)= Yux —py)¥, =Z:=L1CEx +Zy), (3.9a)
2 VIExIzyl B z
VIZExIVIZY] _ T
D}(X,Y) = 1- ————"—exp{t(ux —uy)Z " (ux —py)'t, (3.9b)
H VIZI {8 }
(@) 1 laZx +(1—-a)Zy|
DYX|Y) = $log SO (3.9¢)

For the univariate case of X ~ e/V(,uX,U?{) andY ~ JV(,uy,U?,) it holds that

2 2 R
Dp(X,Y) = ilog{%(”—g+a—§+2 }+% (3.10a)
oy Oy 4(0% +0%)
2 _ 2
DA(X,Y) =1- %exp{—%}, (3.10b)
0% +0% 4(0% +0%)
2 2
(@ 1 ocUX+(1—a)UY
DCh(X"Y) = QlogW (310C)

XY

The KL divergence belongs also to a much wider class of divergences called Bregman divergence,
[17], defined by

Dp(X|Y):= f S(Fx)— SUFr) — (Fx — F )b (Fx), (3.11)

for a strictly convex and differentiable generator ¢, where fx and fy are the p.d.f.-s of r.v.-s X
and Y. Indeed, for ¢p(x) := xlogx, x € R** := R* \ {0}, Bregman divergence is reduced to the KL
divergence. Note that the Amari divergence D5 generalizes also the KL distance in the sense
that DA(X|Y) = Dk, (X[|Y) for the limiting case of a := —1, while DA(X||Y) = Dk (Y | X) for
a :=1; see [17]. Moreover, KL divergence belongs, in limit, to the Rényi and Tsallis divergence
classes for ¢ — 1. We try to summarize and clarify the existent relations between the different
divergence measures, in the analytical form, since in technical/engineering interpretation
have a different meaning and use. Given the one we can evaluate a series of other divergence
measures.

4 Information Relative Risk

Consider the (upper) bounded Hellinger distance, 0 < Dy < 1, which obeys the triangle inequality.
For the related Bhattacharyya distance, Dp = —log(1 —D%I), the triangle inequality does not
hold, although both measures are usually referred as “distances” since both are symmetric.
Therefore, like the total variation distance (which is usually referred as the statistical distance),
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the Hellinger distance can be considered as a statistical distance metric, since it is essential a
distance metric with the usual mathematical meaning, while the Bhattacharyya distance is
considered to be a (statistical) distance semi-metric, as it is a distance metric not obeying the
triangle inequality. Recall also the inequalities between the total variation and the Hellinger
distance, i.e.

D} =6 =V2Dy, 4.1)

which follow clearly from the inequalities between the 1-norm and the 2-norm. Moreover, the
Hellinger distance can be alternatively defined with the help of other divergences, through
the mappings

Dy =eiPr2 =\ /1 _1D1(1/2)= 1 /4-Dp(0)= VeP5 - 1, 4.2)

where the parameter values 1/2, 1/2 and 0, in Dg, Dt and D 5 respectively, corresponds to the
parameter a of each divergence, e.g. Dr(1/2) := Dr(X ||Y)| a1+ Alternatively,

Dg(1/2) = 4log Dy, DT(1/2)=2(1-D%), Da(0) =4(1-D%), Dp =log(DZ - 1), (4.3)

and thus, Rényi, Tsallis and Amari divergencies can be considered as generalized forms of the
Hellinger distance.

Now, for two spherically contoured y-GN r.v.-s with the same mean and shape parameter v,
their corresponding Hellinger distance is given in the following:

Proposition 4.1. Let X ~ N} (n,031,) and Y ~ NP (u,021,), with mean vector p € RP and
01,09 € R*. The Hellinger distance between X and Y is then given by

r-1
zp Y sp/2
y-1’
Y \P5-
(1+sz1) Y

Du(X,Y)= |1- s:=22, (4.4)

Proof. Consider the p.d.f. (1.4) for r.v.-s X and Y. Substituting them into (3.61) we obtain
consecutively

D%(X,Y)

02

_fvaszl—\/Cchfexp{—
1- vCXCYfeXp —ogllx— ulll/g}dx 1- \/Cchf ~oglxl V8 g,

g5 ”n“g}d

where g:=(y—1)/y and 0 := % (0’1 Vg o o, 1/g) Switching to hyperspherical coordinates, it holds

that
D}(X,Y)=1-w, 1V/CxCy | p?™* S dp,
R+
where wy_1 := 21P2/(p/2) denotes the volume of the unitary (p — 1)-sphere. Applying the
variable transformation du = du(p) := d(ngl/g) = 0p1=8/8dp, the above can be written
successively as

(p-Dg+g-1
D4(X,Y) = l—U_lwp_l\/Cchfp T edu
R+
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=1-g PEglPey, \/CXCyf (0gpV8)P8 e du

1-og P8gl- P, \/C'chfupg le " qu

1-0 PEgl- P8w,_1(pg —1)\/CxCy.

By substitution of w,_1 and the normalizing factors Cx and Cy, as in (1.5), we get

_ (pg —p/2
D¥(X,Y)=1-pgo P8 (0109) P2, (4.5)
H V24 (p2+1) 102
Utilizing the additivity of the gamma function, i.e. (x + 1) = x(x), x € R, (4.5) can be written as
DH(X,Y)=1-0P&(0100) P72, (4.6)

and by substitution of o and g into (4.6), the expression (4.4) is finally derived.
O

It is easy to see that Dy(X,Y) — 1 as 0; — +oo, i = 1,2, as, i.e. the Hellinger distance
approaches its (upper) bound as the scale parameters of either X or Y are getting larger.
The lower bound 0 is achieved only when X =Y, or 1 = 03.

Corollary 4.1. The Hellinger distance between two spherically contoured normally, or Laplace,
or uniformly distributed r.v.-s of the same mean, are given by

2s p/2 9 )
Du(X1,X3) = 1—(S2+1) , Xi~ANP(u,07lp), i=1,2, (4.7a)
24/5\°
Du(X1,X5) = —(ﬁ) . X~ £P (0%, i=1,2, (4.7b)

Dyu(X1,X3) = V1—ssgn-s)p/2) P(u,0° 2) b), 1=1,2, (4.7¢)

respectively, where s := 09/01. For the univariate cases, it holds

Dy(X1,Xs) = \|1- T Xi~ N (u,0%), i=1,2, (4.8a)

Dy(X1,X?) = W_ 1| X ~Z(u,04), i=1,2, (4.8b)
\/s+

Du(X1,Xs) = V1-Vs%en(1=9) X, ~Y(u—0;,u+0;), i=1,2. (4.8¢)

Proof. For the normality case as well as for the (limiting) Laplace case, the corresponding
expressions (4.7a), (4.8a), and (4.7b), (4.8b), are derived straightforward from (4.4) with y := 2
and with y — +oo respectively.

For the (limiting) uniformity case of X; ~ %”(u,02l,), i = 1,2, consider the y-GN r.v.-s
Xy ~ NP (u,091p) and Yy ~ AP (u,030,). Recalling Theorem 1.1 and expression (4.4), it holds
that

D%(X1,X2):= 11m D%I(Xy,YY)_ 1—sP?2 11151 (1+sY8) P8 g:= Y—;l (4.9)
gﬂ

The following three cases are then distinguished:

10
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Case 09 > 01, or s> 1. Insuch a case (4.9) can be written as

DZ%(X1,X2)=1-sP2e P!, (4.10)
where
log (1+sY& sV8(-g2)logs Vg
£(s):= lim M = lim M =(logs) lim L logs,
g—0+ g g—0" —g~2(1+sV%) g—0+ 1+sV8

and hence DI2{(X1,X2) =1-g7P2,
Case 03 <01, or s <1. Then relation (4.9) yields that DZ(X1,X5)=1-sP2.

Case 09 =01, or s = 1. Then relation (4.9) yields easily that DIZ{(Xl,XZ) =1-1=0asit
was expected, since in this case X1 = Xs.

From the above discussion we conclude that (4.7¢) holds.
Finally, the corresponding univariate expressions (4.8a) and (4.8b) are obtained straightforward

from (4.8a) and (4.8b) respectively.

For the univariate case of X; ~ %P (u,0%1,) = %*(p,0?), i = 1,2, recall that, in general,
the (univariate) Uniform distribution % 1(u,02), o € RT, can be written in its classical form
%(a,b) with @ :== y—0o and b := u+ 0, and thus (4.8c) is obtained. O

Remark 4.1. Note that (4.7a) and (4.8a) are in accordance with (3.9b) and (3.10b) respectively,
for ux := py. For the Uniform case, (4.8¢c) can be expressed alternatively, considering r.v.-s
X~ a;,b;),i=1,2, where a1 + b1 :=ag + by (common mean assumption), in the form

bs—as sgn(b1+az—bz—a1)
Dr(X1,X1) =\ 1-\/(0aloryenor-o0 = | 1 ( ) , 4.11)

bi—ay

since %! (p,0?%) := ;! (1,0?) is written in the Uniform’s usual notation %(a,b), with a := u—o
and b := p+ 0, or alternatively, when p:=(a +b)/2 and 0 := (b —a)/2.

Remark 4.2. For the degenerate case of the zero-order Normal distributions, i.e. for X; ~
JVOP (,u,a?l] p), i =1,2, the Hellinger distance between X; and X9, is then given, through (4.4),
by

9 \pg
2 T 2 —1_ P2 7; _ 1 _ P2 \pL(s)
DH(Xl,XQ)—yliI{)l_DH(Yl,YZ)— 1-s gEer —1+sl/g) =1-s"“¢e R 4.12)
where Y; ~ J%,(u,a?l]p), i=1,2, s:=09/01, and
log(Z/(1+sl/g)) (1+sl/g)di(1+sl/g)_1
L(s) := lim glog———= lim —— "~ Iim g
g—+o0 1+sl/8  g—+oo /g g—+oo -g72

s18(-g%)logs
- lim——=—2"2"__1j . 4.13
g—l'I-POO -g2(1+sl) 2 1088 ( )

Therefore, by substitution of (4.13) into (4.12), we finally derive that DZH(X 1,X9)=1-1=0,
which is expected as %p (,u,a?[lp), i = 1,2, coincide both with the multivariate degenerate

11
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Dirac distribution 2”(u) with pole at u € R? for p = 1,2, or are both flattened for p = 3; recall
Theorem 1.1.

Note that we can also derive the Bhattacharyya distance between two y-GN distributions of
the same order and mean, with the following:

Corollary 4.2. The Bhattacharyya distance between two spherically contoured y-order normally
distributed rv.-s X; ~ N, (,u,a?l]p), i =1,2, of the same order y € R\[0, 1] and mean peRP, is
given by

I O
_ ol +ol
Dp(X1,X2) = pVTllog L 2 . (4.14)
2(0109)%-D
For the special cases of Normal, Laplace and Uniform distributions, it holds
2. 2
o +0
Dp(X1,X3) = 2log =2, X; ~NP(u,0%p), i=1,2, (4.15a)
20109 L
o1+02 9 R
Dp(X1,X2) = plog——, X; ~LP(u,0l,), i=1,2, 4.15b
B(X1,X?) pogz\/m i (1,070p), @ ( )
Dp(X1,X2) = sgn(aral)glogg—f, X; ~UP (,0%,), i=1,2, (4.15¢)

Proof. Since the Hellinger and Bhattacharyya distances are related via Dg = —log(l —D%I),
Proposition 4.1 implies that

Y
_ 2 / 2(y-1)
Dp(X1,Xy) = —p T log 272V (4.16)

¥
1 +(0’2/0’1)7”1

or, equivalently, (4.14), while Corollary 4.1 yields (4.15a)-(4.15¢).
O

One can notice that the Bhattacharyya distance between X; and X9 as in (4.14), similar to
their corresponding KL divergence as in (2.2), is always proportional to the dimension of X;
and Xo, i.e. Dg(X1,X2) x p € N*. Especially for the univariate and uniformly distributed r.v.-
s X; ~%a;,b;), i =1,2, where a1 + b1 :=ag + be is assumed (common mean), relation (4.11)
gives

bz—aQ

Dp(X1,X9)=sgn(ba+a1—b1—ag)log .
bi—a1

(4.17)

For applications of distance measures in Statistics, see [4] and [6] among others. Now we
state and proof the following lemma which will be helpful to apply the line of thought we
expressed in introduction concerning the “informational Relative Risk” idea.

Lemma 4.3. The “exponentiated” metric de := €% —1 of a bounded distance metric 0<d <1 s
also a bounded distance metric.

12
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Proof. The new defined metric d, := e? — 1 of a metric 0 < d < 1 which is defined on a set
A, is a positive-definite and symmetric metric since d is a distance metric. Moreover, d, is
also a distance metric, as the triangle inequality is also satisfied. Indeed, for three arbitrary
elements x,y,z € A, the exponential identity e* = (1+x/n)"*, x € R, for n := 3, gives

3 3
Ao, y)+do(y,2) = €25 1 ¢@02) _9 > [1 + %d(x,y)] + [1 + %d(y,z)] _9,

and using the simplified notations a := d(x,y), b :=d(y,z) and ¢ :=d(x,z),

de(®,y) +de(y,2) = g7(a’ +b°) + 3(a* +b%) +a+b

= 3:(a+b)’ - jabla+b)+ 3 +by’ —Zab+a+b

> @+’ - (a+b’+3a+b)’ - Ha+bP’+a+b

= %c3+%c2+c, (4.18)

where the triangle inequality of metric d was used as well as the inequality vab < (a +b),
a,b € R". From the definition of d,, expressing d in terms of d, relation (4.18) yields

de(x,y) +de(y,2) = 1log? (1+de(x,2)) + £ log® (1 +de(x,2)) +1og (1 + de(x, 2)). (4.19)

Consider now the function ¢(x) := %logs(l +x)+ % log?(1+x) +log(1 + x) — x, x € R*. Assuming
that ¢’ <0, we obtain log?(1+x) + %log(l +x) —x < 0, where through the logarithm identity
logx = (x — 1)/x, x € R**, gives 4x® — 2x — 3 < 0, which holds for x = xo := (2 + v28) ~ 1.822.
Therefore, ¢ has a global maxima at x¢, and as x; = 0 = ¢(0) is one of the two roots x1,x2 € R*
of @, the fact that 0 = x1 < xo means that ¢(x) = 0 for x € [0, x2], where x9 = 3.5197 (numerically
computed). Therefore from (4.19) the requested triangle inequality de(x,y) +de(y,2) = de(x,2)
is obtained since 0 <d. <e—1=1.718 < x9. O

Corollary 4.4. As an immediate result of Lemma 4.3, the “exponentiated” Hellinger distance,

i.e. Doy := ePH — 1 is indeed a distance metric, since 0 <Dy < 1.

Slightly more general, in the proof of the lemma above, note that if 0 < d < % :=log(1 +
x9) =~ 1.03775 is assumed, then d, continuous to be a distance metric of d since the triangle
inequality, derived from (4.19) and the non-negativeness of function ¢(x), x € [0, x2], is satisfied
since 0 <d, < efF — 1 < x9.

Note also that 0 < Doy < e—1 since 0 < Dy < 1. Therefore, a “standardized” form of the
exponentiated Hellinger distance can be defined as
ePu—1

Dy := . (4.20)
e—1

It is known that the Least Square Method is a minimum distance method. So is the Relative
Risk method, see [6]. Recall that the odds ratio, [5], is the exponential of a Least Square
estimate (i.e. a distance oriented estimator) of the slope for a dichotomous exposure-outcome
scenario, modeled by a typical simple logistic regression; see [7] among others. From the
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affine-geometric point of view, the Relative Risk method remains invariant under linear
transformations; see [8]. For a dichotomous outcome, say x =0 or x = 1, the odds ratio values
are crucial because they are the only measure which depicts “how much more likely” is for
the outcome to be present among “those results with x = 1” than among “those with x = 0”.
For example, an odds ratio equals to 2 declares that an outcome occurs twice as often among
exposed to a possible Risk than among the non-exposed ones to Risk.

Having the above in mind, the normalized and standardized exponentiated Hellinger distance
can considered acting as as a Statistical Relative Risk, although it does not related to “odds
ratio”, [5]. Therefore, we suggest to refer to it with the term “Information Relative Risk”
(IRR). This IRR index, having such a strong information background, offers to researcher a
relative “distance associated measure” between two distributions. That is, a distance metric
is provided, which has the information-geometric property of distance that the KL divergence
does not have, which is also a relative measure of informational comparison between two
distributions with different information context. In particular, for IRR values within, say
[0,0.3), we shall conclude that no difference, in terms of the provided information exist
between the two distributions (due to the standardized exponentiated Hellinger distance)
and, therefore, the “offered information” from both distributions is very close. For IRR values
within [0.3, 0.7) our knowledge concerning how far (i.e. how different) one distribution is from
the other is inconclusive, and for values within [0.7, 1] we can say the two distributions differ,
as they offer different information content for the experiment under investigation.

5 Conclusions

Distance methods have an essential improvement concerning Statistical Estimation Methods
in Data Analysis, since the pioneering work of Blyth in [22], where she pointed out that
the known estimations methods are trying to minimize the distance of the estimated value
from the unknown parameter. Through the concept of distance between two sets [3] defined
the normalized distance of two objects as a criterion of “how” different the objects under
investigation are. It was also proved that this distance was adopting values within [0, 1].
Therefore, a measure of informational “proximity” between two continuous distributions was
given.

A probabilistic background, comparing two different outcomes, is not provided with the theory
we tried to develop here. We simply tried to investigate if the information provided from two
variables following different distributions are "significantly” different. This "significantly”
needs an explanation which were addressed by asking what was the “additional information
is offered”, when a r.v. is coming from the one or the other distribution. The Kullback-Leibler
information divergence is a rather popular but also weak method for the quantification of
the “gained” information between two r.v.-s, as far as its distance metric formalization is
concerned. Therefore, by adopting the Hellinger distance, we can conclude that the normalized
exponentiated Hellinger distance (which is also proved to be a distance metric) follows the
odds ratio (as well as the log-odds ratio) line of though in Logit methods. That is why the name
Information Relative Risk (IRR) was adopted. The proposed IRR measure is recommenced
to the experimenter in order to provide him with additional “informational insight” when
he has to choose between two comparative distributions both describing the problem under
investigation; for example when there is an inconclusive graph between their c.d.f. curves.
Based on the above, part of our future work is to give certain numerical results through
simulation studies.
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