Statistical modelling on coordinates

Pawlowsky-Glahn, V.

Universitat de Girona, Girona, Spain; vera.pawlowsky@udg.es

Note

This paper is a first draft of the principle of statistical modelling on coordinates. Several causes—
which would be long to detail—have led to this situation close to the deadline for submitting
papers to CODAWORK’03. The main of them is the fast development of the approach along the
last months, which let appear previous drafts as obsolete. The present paper contains the essential
parts of the state of the art of this approach from my point of view. I would like to acknowledge
many clarifying discussions with the group of people working in this field in Girona, Barcelona,
Carrick Castle, Firenze, Berlin, Géttingen, and Freiberg. They have given a lot of suggestions and
ideas. Nevertheless, there might be still errors or unclear aspects which are exclusively my fault.
I hope this contribution serves as a basis for further discussions and new developments.

1 Introduction and motivation

Historically, real statistics has been developed for real random variables or vectors, i.e. for func-
tions going from a probability space to real space RP, p > 1. If we look e.g. in Grundbegriffe
der Wahrscheinlichkeitsrechnung (Kolmogorov, 1946), published originally in 1933, we find both
the real line, R, and RP as examples of infinite, continuous probability fields. RP, p > 1, is un-
derstood as the set of vectors of real numbers, whose elements follow rules which are summed up
in the definition of Euclidean space. Consequently, we are used to add vectors, to multiply them
component by component, to multiply them by a constant, to compute the scalar product of two
vectors, to determine the length or norm of a vector, or to compute the distance between elements
of the associate affine space, without even thinking if this is the proper way to handle our data.
Furthermore, we have powerful tools, like integration and derivation, functional relationships, lin-
ear algebra, and many more, which allow to solve many problems, at least in an approximate way,
although sometimes in a rather complicated manner.

But a closer look at the multidimensional example given by Kolmogorov on p. 18, shows that the
author refers to R? as the p-dimensional Euclidean space of coordinates. And the general theory of
linear algebra tells us that any real Hilbert space has an orthonormal basis with respect to which
the coeflicients or coordinates behave like usual elements in real space, satisfying all the rules men-
tioned. Hence the usage of the term Fuclidean space for all those spaces in the finite dimensional
case, identifying the properties of RP with the properties of the original space. It implies that
properties that hold in the space of coordinates transfer directly to the original space. Of particu-
lar interest to us is the fact that concepts like Borel sets, probability and Lebesgue measure, Borel
measurable function, probability distribution and density function—to mention just a few—can
be taken as defined on the coordinates or coefficients with respect to an orthonormal basis. In
other terms, reinterpreting Kolmogorov’s words in an algebraic sense, statistical analysis in an
arbitrary Euclidean space can be identified with conventional statistical analysis on the coefficients
with respect to an orthonormal basis.

One might argue that this fact is of little interest in everyday practice, as usual observations
are real numbers—i.e., they are registered as coefficients of the canonical basis of RP—and hence
have to be analyzed using the rules developed for the Euclidean space RP. We do not deny the
fact that usual observations are in fact real numbers—i.e., that they are registered as coefficients
of a canonical basis of RP—, but we suggest that they do not have to be necessarily analyzed
applying the rules developed for the Euclidean space RP to the observations themselves. This



reasoning is based on the fact that many subsets of real space, like e.g. the positive real line,
the positive octant of the real plane, the (0,1) interval, the unit square, the sample space of
compositional data—data whose measurement units are parts of some whole, like parts per unit,
percentages or ppm—, or their generalizations, can be structured as Euclidean spaces. Conse-
quently, in these very common cases it is possible to apply standard statistical theory to the
coefficients in an orthonormal basis. Results differ from standard theory, but many properties are
surprisingly easy to obtain. The main problem is interpretation, which can be attempted through
formulation in terms of the canonical basis of R? of usual properties given in terms of coefficients
with respect to an orthonormal basis. First theoretical steps and some examples can be found
in Pawlowsky-Glahn and Egozcue, 2001, 2002; Mateu-Figueras, Pawlowsky-Glahn, and Martin-
Fernandez, 2002; Egozcue, Pawlowsky-Glahn, Mateu-Figueras, and Barcel6-Vidal, 2003; Mateu-
Figueras and Pawlowsky-Glahn, 2003; von Eynatten, Barcelé6-Vidal, and Pawlowsky-Glahn, 2003;
von Eynatten, Barcel6-Vidal, and Pawlowsky-Glahn, 2003; and Pawlowsky-Glahn, Egozcue, and
Burger, 2003. For an example in spatial statistics see Tolosana-Delgado and Pawlowsky-Glahn,
2003, 2003. An extensive development for the compositional case is to be found in Mateu-Figueras,
2003. In this contribution we present a synthetic approach to the theoretical background and some
properties on particular sample spaces for illustration.

2 Concepts from linear algebra

For our developments we need some standard results from linear algebra, which we state as defi-
nitions and theorems for easy of reference. Our approach is based on Queysanne, 1973, although
most introductory textbooks on linear algebra should be suitable as well. The essential concept is
the concept of Euclidean space, which is defined as follows.

Definition 1 A set £ is a g¢-dimensional Euclidean space, if, and only if, it is a g-dimensional
real vector space with a positive, non-degenerate, symmetric, bilinear form.

To refer to elements and operations in such a space we are going to use the following notation: The
Abelian group operation or sum of two elements x,y € £ will be denoted by x @ y; the iterated
sum over an index by @7_, x;; the neutral element with respect to & by n; the inverse operation,
equivalent to subtraction, by x ©y; and the inverse element by ©x. Thus we have x©x = n. The
external multiplication by a scalar « € R will be indicated by a ® x, and we have (—1) ® x = Ox,
i.e. x® ((—1) ®x) = x ©x = n. Scalar product, norm and distance will be denoted as usual by
(x,y), [|x]|, d(x,¥), using a subindex only in those cases where needed.

We know that in a real vector space £, coefficients in any basis follow standard rules in real space,
i.e. the Abelian group operation in £ can be expressed as the sum of coefficients and the external
multiplication defined on R x £ as the product of a scalar with the vector of coefficients. We know
also that there exists just one g-dimensional Euclidean space structure, a result derived from the
following theorem.

Theorem 1 Let be £ a g-dimensional Euclidean space, and {-,-) a positive, non-degenerate, sym-
metric, bilinear form on it. Whatsoever this form might be, given an orthonormal basis relative
to (-,-), for any x,y € £ whose coefficients in the given basis are [oq,aq,. .., q,], respectively
(81,82, ..., 8], it holds

q

(xy)=> aifi, (x,x)=> af.
i=1

=1

For ¢ > 1, a scalar product has infinitely many orthonormal basis associated to it (obtained
e.g. by rotation), but we shall give a specific one in every example, which shall be denoted
by {w1,ws,...,wys}. Thus, whenever we consider as support space a subset of real space, any



observation x € £ C R” will be expressed either in terms of [x1,x2,...,2,], its coeflicients in the

canonical basis {ui,ug,...,u,} of R?, or as a linear combination in terms of [y, as, ..., aq) € RY,
its coefficients in the given basis {w1,wa,...,w,} of &, i.e.
P
x = (x1-w)+(z2-u2)+--+ (zp-up) Z
i=1
q
= (1OwW1)B(aOwW2)® B (agOwy) = @OZZQW, . (1)
i=1

Note that we distinguish the dimension p of the real space RP which has the space £ as subset,
from the dimension ¢ of the Euclidean space £. As shall be seen, this distinction is necessary.

We can use as well matrix notation, in the understanding that rules equivalent to the usual ones
apply for the sum and for the external multiplication. Thus,

w1
q Wo /
@alG)wl:[al Qy e aq]G ) =aO W,
=1 :
Wq
where & = [a1, @z, . .., o] and W stands for the row vector of vectors [wi, wa, ..., w,]| which form
the basis.
As mentioned, if the coefficients of two elements x,y € £ are & = [a1, a2, . .., ], respectively

3 =181, B2, .., 8, it holds

q
x@y =P (ai+8)ow) =(@+5 oW,
i=1
q
a@x:@((mai)@wi) =(a-d)O W/,

i=1
where 4+ and - denote the usual vector sum and multiplication by a scalar in real space. In the
same way we can define the inner product and the inner quotient of two elements x,y € £ as

x@y =P (i x B) ©w;) = (@ x f) © W',

i=1

q
x0y =@ (/B ow) =@/ oW, Bi#0 Vi=12...4q

where (& x ,6_”) and (a/ B’) denote, respectively, the element-by-element product and quotient of
coeflicients for ¢ > 1, which reduces to the usual product and quotient of real numbers for ¢ = 1.
Obviously, we can define on the coefficients a vector product that leads us to a matrix of coefficients.
But it would complicate both the presentation and the interpretation, and therefore we have left
it out from this contribution.

The inner product and inner quotient satisfy with respect to the operations in £ the same properties
as the coefficients with respect to the operations in real space. In particular, we can consider

q
x®x®~~®x:@(af®wi):&kQW’, keN,
N——

k  times i=1

which is nothing else but a power transformation in £ and is straightforward to generalize to any
real exponent «. This is very helpful in understanding moments, and also in defining functions of
moments, like the square root. We shall write for short x7, v € R.



Obviously, we could define matrix operations on the coefficients, and thus on elements of £, but
this would lead us to more complex structures, which we reserve for future developments.

Finally, we will need the Lebesgue measure associated to a given basis. For its definition we need
to recall two terms, namely g-volume and g-interval, which refer respectively to the generalized
concept of length and interval in a ¢-dimensional Euclidean space £. Thus, for ¢ = 1, the 1-volume
of the 1-interval is the length of an interval defined by two endpoints in a 1-dimensional Euclidean
space, while for ¢ = 2, the 2-volume of the 2-interval in a 2-dimensional Euclidean space is the
area of a rectangle defined by the two endpoints of one of its diagonals and the parallel lines to a
system of orthogonal coordinate axis, and so forth for ¢ > 2.

Theorem 2 The Lebesgue measure of a q-interval in a q-dimensional FEuclidean space is the prod-
uct of the coordinates of the difference vector of the two points which define the g-interval. It is
precisely the g-volume of the g-interval with respect to a given orthonormal basis. Thus, for any
X,y € &€ whose coefficients in the given basis are (o, o, ..., ), Tespectively [B1, B2, ..., 0], it
holds

q
Axy) = []16: - ail.
=1

Note that, for ¢ > 1, the Lebesgue measure of a g-interval is the product measure obtained from
the Lebesgue measure of 1-dimensional FEuclidean spaces. This is consistent with the standard
approach to the definition of Lebesgue measure in RY.

Given that subsets of an Euclidean space can be expressed either in terms of elements of the space,
or in terms of the coefficients of those elements with respect to an orthonormal basis, we can state
above definition in more general terms as follows.

Definition 2 The Lebesgue measure of a subset A of a q-dimensional Fuclidean space is the
Lebesgue measure of the subset of R?—the space of coefficients—-characterizing A.

The meaning of the previous statements is not that for each Euclidean space £ there exists just one
vector space structure, or just one bilinear form with the above properties, or just one orthonormal
basis for each bilinear form, or just one Lebesgue measure, but that, once we have chosen an
FEuclidean structure, the properties of the coefficients and the Lebesgue measure with respect to
any orthonormal basis relative to this form will have the same expression. Thus, the easiest way,
albeit not always the most intuitive one, is to apply statistics to the coefficients in such a basis
and to formulate results in the representation that better reflects our understanding of the real
phenomenon.

3 Introduction to statistical formulation on coefficients

This section is nothing else but a translation of elementary statistical results to random variables
or vectors with a support space &€ C RP that can be structured itself as a g-dimensional real
Fuclidean space. For standard results in R? we have used Parzen, 1960, Rohatgi, 1976, Fahrmeir
and Hamerle, 1984 and Chow and Teicher, 1997, but most introductory textbooks on probability
and statistics should be suitable as well. For the sake of notational simplicity, we are not going to
distinguish in what follows between random variables or vectors and their realization, unless not
clear from the context.

Recall that, as stated in equation (1), the elements of £ have a dual representation: as coefficients
of the canonical basis of RP and as a linear combination of real coefficients in its own orthonormal
basis. Given that the vectors of a basis are fixed, any random vector x defined on £ transfers its



randomness to the vector of coefficients & = [, g, . . ., ¢] in that basis. & is thus a real random
vector or, equivalently, a vector of real random coefficients. Furthermore, probability distribution
and density functions are weighting functions which operate on the elements of £. Thus, they
multiply the coefficients in a given basis, and therefore, to obtain distributions on &£, we simply
take distributions on those coeflicients.

Definition 3 . A probability distribution function of a random vector x = @}_, (a; ® w;) on
€ is a joint probability distribution function F'(aq,aq,...,aq) of the vector of random coefficients
a = [ag,aa,...,04 in R We shall write for short

Fy(x) =F(a,09,...,aq).

Note that, as stated in theorem 2, the Lebesgue measure in £ is the usual Lebesgue measure in
the space of coefficients, and we have

Proposition 1 The Radon-Nykodym derivative of Fx(x) with respect to the Lebesgue measure A
in £ is identical to the Radon-Nykodym derivative of F(a1, o, ..., aq) with respect to the Lebesgue
measure A\ in RY. Thus, we can write

0 0
fx(x) = an(x) = WF(OZMOZ% oo oag) = fla,ag, ... 0q).

q

In most cases it is straightforward to rewrite properties of functions of random variables or vectors.
For example, if {wi,ws,...,w,} is an orthonormal basis in £, and if x = @}, a; ® w; and
y = @;‘1:1 B; ©® w; are two random vectors in &, then

XGSYZ@((ai-Fﬁi)@Wi)a XQYZ@((O”_&)QWZ')

i=1
and
q
XQy = @((ai X B;) © w;)
i=1
are again random vectors in £. The same holds for

q
x0y =P (w/B) ow),
i=1
provided {3; ®w; = 0} = () for all i = 1,2,...,q. But other cases require special attention, e.g.
the definition of maxima and minima, or of order statistics in general, as order relationships in &

might not transfer in a direct, intuitive way to the coefficients in a given basis. Therefore, they
are not addressed in this paper.

On the coefficients we can apply standard methods to obtain the probability distribution or density
of any function of random vectors as long as those functions satisfy on the coefficients the required
conditions. For example, for any vector of constants ¢ € £, any distribution function Fy and its
corresponding density function fy, it holds

FcEBx(C S X) = Fx(x)§ fc@x(c EBX) = fx(X)'

Now it is straightforward to define moments and centered moments whenever £ is one dimensional
(¢=1).

Definition 4 Given a random variable x = a ® w with support space a 1-dimensional Euclidean
space £, moments and centered moments in € are defined as

Ee [xk} =F [ak] O w; Mk [x] = E¢ [(XG Ee [X])k} =E [(Of -E [a})ﬂ Ow,

whenever the corresponding moments on the coefficients exist.



Moments and centered moments in £ are elements of the space £, and to obtain them, just usual
integration in the space of coefficients is needed. From standard properties of linear algebra we
know that they depend only on the probability distribution function characterizing the random
variable x, and not on the orthonormal basis chosen. Note that

E¢ [x] = E[a] ® w; MZ[x] =E {(a -E [a])ﬂ ©w = Var[a] Ow.

Thus, it seems reasonable to identify characteristic elements—Ilike expected or central elements—
of the space with moments themselves or functions thereof, and characteristic measures with
respect to a given basis—Ilike measures of central tendency or measures of variability—with their
coeflicients. Surprisingly enough, the coefficient of variation acquires its full meaning within this
framework, as it is defined as the coefficient of the quotient of two characteristic elements.

In the case of £ a ¢-dimensional space, the vector of expectations—which characterizes the expected
element or center of a random variable—can be obtained in a similar way, as we can define

Ee [x] = P (E[ai] o wi) =E[d] o W,
i=1

and analogously for centered and non-centered moments of higher order. Obviously, cross-moments,
both centered and non-centered, can be defined on the coefficients easily, and they are implicitly
used e.g. to define the bivariate normal distribution, but cross-moments in the space &£ itself are
out of the scope of this paper and have been left for future extensions, as they are not always
straightforward.

Note that, both for ¢ = 1 and for ¢ > 1, the usual relationship between second order centered
moment and first and second non-centered moments holds, as

M = (E[@] - (Bla)*) o W
= (E[@oWwW)e g(E [@])* @ W’)
= Eg¢ [XQ] © (Eg [X]) .

One of the most frequently used concepts in statistics, specially in statistical inference, is the
concept of independence, which is straightforward to introduce as follows.

Definition 5 Two random variables or vectors are said to be independent if the corresponding
coefficients, or vectors of coefficients, are independent.

Note that for most purposes we will require x and y to have the same support space £ and thus,
[x,y] will have as support space the product space £ x £. Nevertheless, independence on the
coefficients might refer to random variables or vectors with different support spaces, an aspect
that must be taken into account when dealing with functions of independent random variables.

As can be seen, many properties transfer directly from the space of coefficients to £ when we deal
with probability distribution and density functions. But the essential thing for our purposes is, at
this stage, that the study of those functions is mainly the study of some numerical characteristics or
parameters associated with them, and we shall see how to do that easily in a few simple theoretical
cases, which we introduce in the next section.

4 Examples

In this section, we introduce five subsets of R? which can be considered as Euclidean spaces
themselves, together with the basic definitions and properties that justify this assertion. Proofs



are omitted, as they are straightforward, although sometimes tedious. But before we proceed, we
need to point again at the duality of representation of our observations stated in equation (1). We
are going to work with & C R?, and we assume our observations are expressed in terms of the
canonical basis {uy, us,...,u,} of R?, i.e. we observe x € £ C RY expressed as x = > 7 | z; - u;.
We have seen that there is an alternative representation for x in terms of the coefficients in an
orthonormal basis of £, i.e. x = 3:1 (o; ® w;) and we know we can apply standard statistical
analysis to those coefficients. Our purpose is to use this fact to obtain statistical models and results
and to express them in terms of x = 23:1 T; - Uy, i.e. in terms of the canonical basis of R?, as that
is the context we are used to analyze and interpret our observations.

Example 1. Consider £ = Ry C R. Every element x € Ry can be viewed as a real vector,
x =x-u, x > 0, where u stands for the unit vector in the real line and x for the coefficient in this
basis or, as shall be seen, as an element of the Euclidean space R;. Although different approaches
are possible, for illustration purposes we are going to use the structure given in (Pawlowsky-Glahn
and Egozcue, 2001), and later used in (Mateu-Figueras, Pawlowsky-Glahn, and Martin-Ferndndez,
2002) and (Mateu-Figueras and Pawlowsky-Glahn, 2003), which can be summarized as follows for
x,y € Ry and a € R.

e Abelian group operation @, neutral element n and inverse element ©x:

xPy=zy -u; n=1-u; ©x=-—-u

External multiplication ®:
a@Ox=z%u

Scalar product (-, -}, norm ||-|| and distance d (-, ):

(¢,y) =Imzlny; x| =[nz}; d(xy)=[lny—Inz.

Unitary basis w and coefficient « of x in the given basis:

w=c-u; a=Inz ie x=aOw=hzo(c-u)=e"? - u=z u

Internal multiplication ® and quotient @:

x@y=(InzxIny)Ow=(Inz xIlny) ®(e-u) =exp(Inz x Iny) - u;

1 1 1
X0y = e Ow= ar ©® (e -u) =exp ot -u, fory#1.
Iny Iny Iny

Lebesgue measure of an interval defined by the origin n and an arbitrary point x:

A=A(n,x) =|a| =|Inz|.

Example 2. Consider & = Rf_ C R2. Given the Euclidean space structure of R, , we can consider
the corresponding product space structure in Ri. It has been used by (Pawlowsky-Glahn, Egozcue,
and Burger, 2003) to introduce an alternative model to the bivariate lognormal distribution. For
X=21 U +To U2, Yy =Y1 U +¥Ys- U2, X,y E Ri and « € R it works as follows:

e Abelian group operation @, neutral element n and inverse element ©x:

1
XOy=a1y1- w1 +2Tay2-u; n=1-u;+1- uy; OX = —-u+ — Uy
1 2



e External multiplication ®:
a®x=z{ u + 25 - us.

e Scalar product (-, -), norm |-|| and distance d (-, -):

(x,y) = Ina ny + Inaslys; x| = [(Inz1)? + (nws)?] >

d(x,y) = [(Iny; — Inz1)® + (Iny, — 1n9€2)2}1/2~

e Orthonormal basis {w1,wz} and coefficients [aq, as] of x in the given basis:
wi=e-u+1-uy, wo=1-u3+e-uy [a,a]=[nz,Inxs].
Thus,

x = (qOw)® (a2 ®ws)
= (Inz10(e-u;+1-12))®(Inze®(1-u; +e-uy))
= (T up +1ouy) @ (1 ug + e uy)

= elnzl 1)-u1—|—(lelnz2)~u2

Inxq Inxzo

= e -u; +e - U9

= x1-U;+ T2 - Us.

e Internal multiplication ® and quotient ©:

x®y = (lnzg xlny) @wy1 @ (Inze X Inys) © wo
= exp{lnzy xIny;} -u; +exp{lnzy x Inys} - uz;
xQy = (lnz/Iny;)) Owy ® (Inze/Inys) © wa

= exp{lnzi/Iny1} -u; +exp{lnzs/Inys} -ug; fory; # 1,ys #1
e Lebesgue measure of a square defined by the origin n and an arbitrary point x:

A= A(n,x) = |ajas| = |Inzg Inzs.

See (Pawlowsky-Glahn, Egozcue, and Burger, 2003) for some graphical representations related to
the geometry of & = Rf_.

Example 3. Consider £ =7 = (0,1) C R. Every element x € (0,1) can be viewed as a real
vector, x = x-u, 0 < & < 1, or as an element of the Euclidean space (0,1). Again, different
approaches are possible, but for illustration purposes we are going to use the structure given in
(Pawlowsky-Glahn and Egozcue, 2001). It can be summarized as follows for x,y € (0,1) and
a e R

e Abelian group operation @, neutral element n and inverse element ©x:

Ly

1
% Zow =(1—2) u
o _yrogy & DT X (1-z)-u

XDy =
e External multiplication ®:

x
a@x-mu



e Scalar product (-, -), norm |-|| and distance d (-, -):

x
1—

T

lny

=1 : 1
(x,y) =In— — n

Il =

—In

In .
1—y 11—z

mE d(x,y) =

e Unitary basis w and coefficient « of an arbitrary vector x in the given basis:

e .
= -u; a=In
14+e 1—2a’

z e exp(ln—lng
x=aGOw=|(In ® ‘u ) =
1—x 1+e

1+ exp (ln ﬁ)

i.€e.

e Internal multiplication ® and quotient ©:

In—Y2 )@(e.u): eXp(lnlil 1y)

x
u
-z 1l-y Lte 1+exp<ln—ln )

XQy = (ln

In % e exp (hl 1f /111 13 )
1—x €z Yy
_ . = . f 1
x@y—(1 y>®<1 c u) u, ory#1—y

e 14 exp (In 12 /In )

e Lebesgue measure of an interval defined by the origin n and an arbitrary point x:

lnx

A=A(n,x) =|a| =

1—zal|’

Example 4. Consider £ = (0,1) x (0,1) = Z? C R?. Given the Euclidean space structure of
(0,1), we can consider the corresponding product space structure in Z2. For x = x1 - u; + T2 - g,
y=y1- U +yY2 U, X,y E ]Rﬁ_ and a € R we obtain

e Abelian group operation @, neutral element n and inverse element ©x:

Xx@y = T1Y1 cug + Z2Y2 ‘u
=21 —y1 + 2010 1 =23 —y2 + 22242
1 1
1’125'1114-5'112; @X:(l—xl)-u1+(1—x2)-u2.

e External multiplication ©:

o zf n i
ax=——"— -u+———— .
=) g+ (L)t
e Scalar product (-, -), norm ||-|| and distance d (-, -):
1 Y L2 Y2
=1 1 | 1 ;
) n1—$1n1—y1+n1—$2n1—y2’

1/2

X1 2 i) 2
= 1 1 ;
x| [(nl_ml) +(n1_x2)] ;

y 1\’ y v\
d - ] Lo ! 1 Z_ 2 .
(¥) l(nl_yl nl—fﬂl) Jr<nl—y2 nl—wz




e Orthonormal basis {w1,wa} and coefficients [a1, o] of an arbitrary vector x in the given

basis:

e +1 1 n e [ ] 1 T 1 To
wi=[——] uyy+=--uy, wo==--u —— | rug; oy, as] = |In n .
1 Tre 15 U2, Wa =gt 1+e 2; 1,02 1—20 1=
Thus,

x = (a1 Owy)® (a2 ®wa)

x2

exp <ln s

! T o e +1 @ 1 T2 ® 1 n e
= n ‘up+ - -u n —-u;+-——-u
-, l+e *+172 77 1— 2, 2 M T 1 TP

exp (ln 12;1)

1+ exp (ln 1321)

= X1 Ui+ T2 U2

1+ exp <ln 1202)

e Internal multiplication ® and quotient ©:

X®y = (ln . fl:m x In 1 ylyl) Owy @ (ln 1 f2z2 X In 1 y2y2> O wa
P (ln o X In 12/1) ‘ug + P (ln i X 132?/2> - ug;
1+exp(1nlf;1><1nlgl) 1+exp(1n1f12x1n1322) ;
xoy = (lnlilm/lnlglyl)@‘vl@(ln1f2$2/ln132y2>®wz
b))

1+ exp (ln -t/ In 1213;1) 1+ exp <ln =2 /In 1322)

provided y; # 1 —y; and yo # 1 — yo.
e Lebesgue measure of a rectangle defined by the origin n and an arbitrary point x:

1 T2

A= A(n,x) = |ojas| = |In 1

n
—x1 1—a9
Example 5. Consider £ to be the 3-part unit simplex S3, i.e.

5285 :{X:Il Uy + X2 - U2 + T3 - U3 | Z; >0,i: 1,273;561 +$2—|—I3:1} CR37

and let C [-] denote the closure operator defined for any z = z1 - u; + 22 - ug + 23 - uz € Ri as

21 <3 <3
Clzl=Clz1-uy +2-up+23-u3) = —————-u; + Uz e
(z] [21 - w1 + 2z - ug + 23 - ug] 21+ 29 + 23 ! 21+ 22 + 23 ? 21+ 2zt 23 ’

It is well known that S”, D > 2 is an Euclidean space, and its properties have been extensively
used (Aitchison, 2002; Aitchison, Barcel6-Vidal, Egozcue, and Pawlowsky-Glahn, 2002; Billheimer,
Guttorp, and Fagan, 2001; Pawlowsky-Glahn and Egozcue, 2001, 2002; Egozcue, Pawlowsky-
Glahn, Mateu-Figueras, and Barcelé-Vidal, 2003). Therefore, here we only synthesize the main
characteristics using the same scheme as in the previous examples. To simplify the presentation
we shall use vector and matrix notation, whenever needed; i.e.

u;
— _ = U/
X=a1 W +22-Up+2x3-u3 = [21,22,23]- | up | =2- U,
us



and, given that the closure operation affects only the coefficients, we shall write, indistinctly,

C[Z] :C[Zl'U1+ZQ'LI2+23~U3] 20[21,22723]~U/:C[5]~U/.
e Abelian group operation @, neutral element n and inverse element ©x:

x@®y =Clr1yr - ur + zoy2 - ug + x3y3 - uz] = C [21y1, T2y2, 23y3] - U';

111 1 1 1
=cu,1,u-U’=[3’3’3lU“ ox = [}U

e External multiplication ®:
a®r=Clzy, 25,25 - U

e Scalar product (-, -), norm |-|| and distance d (-, -):

1
(x,y):(l LS P PSESS PO S Y 2lny2);
3 T2 Y2 T3 Y3 r3 Y3

1/2

1 71 2 I 2 Lo 2
]| = 73 l(ln x2> + <ln a:;;) + <1n xs) 1 ;
1 I 2 X Y1 2 X2 Y2 2
d (1’7 y) = % [<ln ;2 — hl y2> + (hl ;’3 — lIl y3) —+ <1n ;3 — ln y3> ]

e Orthonormal basis {w1,wz} and coefficients [, ag] of an arbitrary vector x in the given

1/2

basis:
w ex ex wy = C |ex \/gex \/gl U’
1= p\/> p\/‘ ) 2 — p 27 p 27 )
(a1, 2] = [1lnx1 1lnxlx2}
1, G2 \/§ x27\/6 T3T3
i.e.
X = (Oq@Wl)@(OzQ@Wg)
(o7t —Q \/5052 \/§a2
= Clexp—=-u;t+exp—— -uz+u3| ®C |ex -uy + ex “ug +u
{pﬂ 1 P\/i 2 3} p ﬂ 1 p \/5 2 3
= (C|ex ﬂex @ u; +ex _—ale v3ay us +u
- p\/i p \/E 1 p \/§ XpP \/i 2 3
But

exp ey exp v3ay = exp 11n il exp xle f1 jnte z1
V2 V2 T2 963133 373

and analogously

-0 V3as  xo
exp —= exp =

V2 V2 s

leading to

T
x=C 1+7 uQ+U3]—zl-u1—|—z2~u2+x3~u3.



e Internal multiplication ® and quotient ©:
1. = 1 y1) ( 1 xixo 1 y1y2>
X ® = — In—x—In>=)|Ow;®d|—=In X —In=—= | oOw
Y (\/5 T2 V2 e ! V6 w3rz A6 ys3y3 2
= Clfr-uy+ P2 -uz+fs-ug,
1 1 1 y1>) \/§< 1 122 1 y1y2)
—(—=Ih—x —=In* ex — [ —=1In X —= In ==
2 (\/i T2 V2 e P 2\V6 w3r3 V6 y3y3
1 1
— <ln oy In yl)) exp < <1n ntz In y1y2>>
2v/2 T2 Y2 21/6 323 Y3Y3

-1/1 2 1 5 31 wmaz 1 iy
B = exp<(ln><ln>)exp (ln X — ln ==
2 5 2\V6 w313 6 Y3y3

where

2 \V2 a2 V2 Y
-1 1
= exp| —= (lnx1 x In yl)) exp ( <ln 172 y1y2>)
2v/2 T2 Y2 2v/6 r3x3 YsYs3
Bz = 1. (2)
XQy = (1 —/—1 yl)@wl@(llnmlm/ll yly?)CDW2
\f \f \f T3T3 \[ Ysys
= C[’Y1‘u1+72‘112+73'113]a
where
. <1 (unwl /1lny1>) x \/5 <1m may, 1 yy)
n P\ V2 ' V2 e P 2\V6  z3x3" V6 ysys
1 T y1>> < 1 < T122 y1y2>)
= exp|—=(In—/In= ex In In
P (2 2 ( 962/ Y2 P 21/6 $3$3/ Y3Y3
V2 \V2 Y2 2\V6  wz3x3° V6 Ysys
-1 1 y1>> ( 1 ( T1T2 y1y2>)
= exp|—=(In—/In=—= ex In In
P (2 2 ( 962/ Y2 P 2/6 563963/ Y3Y3

provided y; # yo and y1y2 # y3.

e Lebesgue measure of a square defined by the origin n and an arbitrary point x:

L1T2

In .
’ V2 f 373

A= A(n,x) = |ajas| =

For a graphical representation of multiple geometric elements, see the references cited at the
beginning of this example.

It is important to note that, like in every Euclidean space, the orthonormal basis given is not
unique. In fact, there are infinitely many, like in R%— or in Z2. With the simplex we have an
additional difficulty: it is not straightforward to determine which one is the most appropriate
orthonormal basis we can choose to solve a specific problem. Some aspects related to it have been
already addresses in (Pawlowsky-Glahn and Egozcue, 2001). The important point is that, once we
have chosen an appropriate orthonormal basis, all the results developed here are valid taking the
appropriate coefficients with respect to it.



5 The normal distribution and its properties

In the above examples we have either a one or a two dimensional sample space £. Therefore,
in what follows, we are going to use either the uni- or the bivariate normal distribution on the
coefficients. From standard theory, we know that for this distribution we can obtain e.g. predictive
intervals or regions, isoprobability intervals or curves for known parameters. If we do not know
the parameters, we can estimate them from a sample, and we can look for whatever properties we
might be interested in. Using above theory, we can transfer all those items to £. The question is
how to interpret these results. To have a glimpse at the way to proceed, let us consider first some
general properties and then each example separately.

5.1 The univariate normal on a one dimensional Euclidean space

If £ is a one dimensional Euclidean space, any random variable x with support space £ can be
expressed as X = o © w, where « is a real random variable and w is a basis of £. Thus, we can
define a normal distribution on £ and determine its properties. Proofs are not required, as they
follow from standard statistical theory in real space and basic linear algebra.

Definition 6 A random wvariable x is said to follow a standard normal distribution on £ if its
density function is

) = fle) = —=exp (—O;) . aeR

x is said to follow a normal distribution on £ with parameters y and o, if its density function is

1 (o —p)?
(%) = f(a) = _lazpny R.
) = fle) = e (<L) ae
We shall write for short x ~ Ng(0,1), respectively x ~ Ne(p,0?).

Proposition 2 If x ~ Ng(p,0?), then L © (x© (p® w)) ~ Ng(0,1).

This property is straightforward if we take into account that

%@(x@(u@w)):%(a((a—,u)@w)z (a_M)QW.

g

Proposition 3 The normal distribution on £ is stable, e.g., given two independent identically
distributed random variables X1 ~ Ng(p,0?) and X3 ~ Ng(p,0?), and given two real constants
ai,az > 0, a real number b > 0 and an element c € £ can be found such that

1
Xy =70 (01 0% DaOx3 O c) ~ Ne(p, o?).

Proposition 4 The moments of a random variable x ~ Ng (11, 0?) satisfy the following properties:

(a) Eg [x] =p o w;

(b) Be [x*| = (02 +pP)Oow=0c?0Owdp’Ow;
(c) ME[x] =0 @ w;

(d) Mi[x]|=0ow, Vk=2n+1nel;



(e) ME[x] = ((k—1)(k—3)---3-1-0") Ow, Vk=2nmneN.

Proposition 5 For x1, X2, ..., X, independent random variables on &, xi, ~ Ng(ug,01), k =
1,2,...,n,
n n n
b= e (e 3ot
k=1 k=1 k=1

Furthermore, for X, independent identically distributed, x3, ~ Ne(p,02), k=1,2,...,n,
9 1 o?
sn ~ Ne (np,no®)  and ﬁG)sang wo

Finally, for x ~Ng(0,1), k=1,2,...,n,

1
EQSnNNg(O,l).

Proposition 6 Ifxi, Xa, ..., X,, withxy = a,OwW, k= 1,2,...,n, is a sample from a Ne(p,0?),
where both v and o? are unknown, the mazimum likelihood estimates of i and o? are, respectively,

) 1 ) AQ 1 n o,
p=—2 akr=0a and & —EZ(ak—a).
k=1 k=1

Confidence intervals for the estimated parameters will be consequently the usual intervals, and to
obtain (1 — ) confidence intervals around the expected value Eg [x] we just need to apply the
extremes to the basis, resulting for o known in

(oo )]

rowe () omsoms ) oo

where z, /5 stands for the 1 — /2 quantile of the standard normal distribution in R. This interval
has shortest length in &.

Analogously, for o unknown we obtain

N g N o
(= toomZe) o (i a7 ) o]

N g ~ oz
= |:M®W@ (t"”Y/Q\/ﬁ) ®W7/L®W® <tn’7/2\/’ﬁ) @W:| s

where t,, o/ stands for the 1 —~/2 quantile of Students t distribution in R. This interval has
shortest expected length in £.

Obviously, following the same scheme, we could proceed now to define confidence intervals around
the second order central moment using usual confidence intervals around the variance, but their
usefulness is an open question.

5.2 The bivariate normal on a two dimensional Euclidean space

Assume now £ is a two dimensional Euclidean space. Thus, any random vector x with support
space £ can be expressed as x = a1 © W1 @ as ® wa, and [aq, as] will be a real random vector.
Thus, we can define a bivariate normal distribution on £.



Definition 7 A random vector x is said to follow a bivariate normal distribution on & with pa-
rameters p1, pa, 01, oy and p if its density function is

1 o A
cexp [ —— 2
2ro109(1 — p2)L/2 b 2(1 —p)?

s (a1 —m)?  2p(q — pa) (o2 — pia) n (g — /~L2)2] ’

Jx(x) = flon,az) =

where

o2 0102 o3

ai, o, i1, o € Ryoy, 00 > 0;|p| < 1. We shall write for short x ~ Ne(u1, po; 02,02, p).

To illustrate how working on coefficients can be straightforward from a mathematical point of
view, but difficult to interpret in some cases, we are going to use a property of independence of
marginals and the moments as defined above.

Proposition 7 For uy = pus =0, p =0 and o1 = 02 = o, the real random variables a; and oy are
independent. If each component of x is uniquely associated to a coefficient, then the components
of x themselves are independent.

Note the restriction on the definition of independence of the components of x, which is due to the
fact that this result cannot be transferred directly to the components in general, as shall be seen
in example 5.

Now, using the fact that in the space of coefficients, marginals of a real random vector following
a multivariate normal distribution follow also normal distributions, we can find the vectors of
moments as defined above.

Proposition 8 The moments of a random vector x ~ Ng(u1, u2; 02,03, p) satisfy the following
properties:

(a) Ee [x] = [p1, 2] © W';

(b) Eg [x*] = [0F + pii, 03 + p3) ©OW' = [07,05] O W' & [117, i3] © W';

(c) M2 [x] = [0%,03] ©W';

(d) Mk [x] =1[0,000 W/, Vk=2n+1neN;

() ME[x] = [((k—1)(k—3)---3-1-0}),((k—1)(k—3)---3-1-05)]OW’, Vk=2nneN,

where W = [wy, ws| is the orthonormal basis of € used for reference.

The parameter p of the bivariate normal distribution can be certainly interpreted as a measure of
linear dependence between the real random coeflicients a; and as. Again, only in the case of a
one-to-one relationship between one components and one coefficient we shall be able to use it also
as a measure of linear dependence between the components, but this is not a general property.

Concerning estimation of parameters, the usual rules apply, as they are defined in terms of the
coeflicients. It is only in the case of seeking estimates of moments in £ that we will apply them to
the basis of the space.

5.3 Examples

In this section we are going to show on the above introduced sample spaces how working on
coefficients is done in practice. Some of the properties sound strange and are probably of little
interest in practice, but they have been included for illustration purposes.



Example 1. Let us consider £ = R, which is a one dimensional Euclidean space. We start from
a given unitary basis w = e - u. The expression of a random variable in terms of this basis is

x=a0w=hzow=e"% . u=2z u
The principal aspects of the normal distribution on R, together with some graphical illustrations,
can be found in (Mateu-Figueras, Pawlowsky-Glahn, and Martin-Ferndndez, 2002; Mateu-Figueras
and Pawlowsky-Glahn, 2003).

Definition 8 A random wvariable x is said to follow a standard normal distribution on Ry if its
density function is

X) = nIr :LCX *(lnx)z T
fx(x) = f(lnz) ﬂﬁp( 2),M.

x is said to follow a normal distribution on Ry with parameters p and o, if its density function is

ey - L (12— p)?
frlo) = i) = — o (G20 o<

We shall write for short x ~ N, (0,1), respectively x ~ Ny (i1, 02).

Proposition 9 If x ~ N, (u,0?), then (xl/" . e‘“/") -u~ N (0,1).

Proposition 10 The normal distribution on Ry is stable, e.g., given two independent identically
distributed random variables x1 ~ Ny (u,0?) and x9 ~ Ny (11,0%), and given two real constants
ai,as >0, a real number b > 0 and an element ¢ = c-u € Ry can be found such that

ay .02 1/b
&<%%> N (1, 0?).

Cc

Proposition 11 The moments of a random variable x ~ Ny (11, 0?) satisfy the following proper-
ties:

(a) By ] = e - u;
(b) By [x%] = ey

(c) M% [x] = e u;

(d) Mk [x]=1-u, Vk=2n+1lneN;

(e) M% [x] = e((F=D)(k=3)-31.0%) u, Vk=2n,neN.

Proposition 12 For x;, X2, ..., X, tndependent random variables on Ry, xj ~ N+(uk7a,%),
k=1,2,...,n,
n n n
Sp = Sp -0 = ka 'uNN+ (Zﬂka‘ﬂ%) .
k=1 k=1 k=1

Furthermore, for X, independent identically distributed, xj, ~ Ny (u,0%), k=1,2,...,n,

n 1/n 9
o s )t (Tn) et (7).
k=1

Finally, for xx ~ N (0,1), k=1,2,...,n,

" 1/v/n
<H$k> -UNN+(0,1).
k=1



There is nothing special about maximum likelihood estimates of p and o2 in R, as they are
computed on the coefficients, but they allow us to compute (1 —+) confidence intervals around the
expected value or center of the distribution E; [x], both for ¢ known and for ¢ unknown. In the
first case we obtain a shortest length interval in R,

N o R o
{exp <u 27/2\/ﬁ> - u, exp <u+zy/2\/ﬁ> ~u] ,

where 2z, /5 stands for the 1 — /2 quantile of the standard normal distribution in R, and for o
unknown we obtain a shortest expected length in R, interval as

~ o “ g
|:eXp <'u - t’fbﬂ/?\/ﬁ) - U, exp <M + tn77/2ﬁ> : u:| s

where t,, /o stands for the 1 — /2 quantile of Students t distribution in R.

Example 2. Let us now look at the case £ = Ri C R2?, which is a two dimensional Euclidean
space. Any random vector x with support space Ri can be expressed as x = Inx1 OwW1Blnxo OwWo,
and [Inzq,Inzo] is a real random vector. The bivariate normal distribution on this space has already
been used in (Pawlowsky-Glahn, Egozcue, and Burger, 2003) as a possible model for maximum
ocean significant wave height and period.

Definition 9 A random wvector x is said to follow a bivariate normal distribution on Rﬁ_ with
parameters iy, pa, 01, oo and p if its density function is

1 . A
N
2ro109(1 — p2)L/2 P 2(1—-p)2 )’

fx(X) = f(lnxl,lnxg) =

where

5 —

Ao (Inzy — 1) 2p(nazy — py)(Inws — po) n (Inzy — pp)?
071 0109 0’% ’

0<z1;0<xo; p1,pu2 €ER; 0 < 01; 0 < 09g; |p| <1. We shall write x ~ ./\/Ri(ul,ug;af,ag,p).
Proposition 13 For 1 = us =0, p =0 and 01 = 02 = 0, the components of x are independent.

In fact, we know that the property is true on the coefficients and, as each component is uniquely
associated to a coefficient, the property holds also for the components, as we have

fx(x) = f(nay, Inzy) = fy(nay) - fr(Inzg) = fx, (X1) - fro (x2)-

Proposition 14 The moments of a random vector x ~ NR& (u1, p2; 03,03, p) satisfy the following
properties:

U

(a) Bz [x] = [exp(), exp(ps)] - U';
(b) Brz [x2] = [exp(o? + ). exp(03 + 13)] - U';
(¢) M2, [x] = [exp(0?), exp(o3)] - U';

(4) My [x] = [1,1] U, Vk=2n+1neN;

(e) Mﬂgi [x] = [exp ((k—1)(k—3)---3-1-0F) ,exp ((k—1)(k—3)---3-1-0%)] - U,
Vk =2n,n € N,



where U = [uy,uy] is the canonical basis of R? in which the observations are measured.

Note that ER%; [x] is the vector of geometric means, thus justifying median based statistics as a
reasonable approach for the analysis of bivariate, strictly positive observations. Note also that
in this case, the parameter p can be clearly interpreted as a measure of linear dependence both
between the real random coefficients In z; and In x5, and between the components.

Example 3. Consider now £ =Z = (0, 1), which is a one dimensional Euclidean space. We start
from a given unitary basis w = —= - u. The expression of a random variable in terms of this basis

1+e
is
exp (ln ﬁ)
Ow =

l—z 1+exp(lnﬁ)

-u=2x-u.

Some aspects related to the geometry of this space have already been studied in (Pawlowsky-
Glahn and Egozcue, 2001). Let us now follow the scheme of the general theory stated above in
this particular case.

Definition 10 A random variable x is said to follow a standard normal distribution on T = (0,1)
if its density function is

T \2
fx(x)f<lnlfx) \/12?exp<(h112_m)>, 0<z<l.

x is said to follow a mormal distribution on T = (0,1) with parameters p and o, if its density

function is
)2
fx(x):f(ln ‘ )— 1 exp(—w>, 0<z<l.

1—=x _o' 21 202

We shall write for short x ~ Nz(0,1), respectively x ~ Nz(u,c?).
Proposition 15 If x ~ N7 (u,0?), then

(xl/a 1 —z)" Ve e—u/cf) cu ~ Nz(0,1).
Proposition 16 The normal distribution on T = (0,1) is stable.

Proposition 17 The moments of a random variable x ~ N7(u,c?) satisfy the following proper-
ties:

(a) Ey [X] = 1:_);2%&) -uy
_ _exp(a?+p?) .
(b) E+ [XQ] - 1+e}:cp(02—lifu2) -y
ex 0'2
(¢) M1 [x] = 1+e£)((p(a)2) u;

(d) MY [x]=3-u, Vk=2n+1neN;

: exp((k—1)(k—3)--3-1-0%)
(6) Mi [X] = Troxp((F—1)(k—3)-3.1.0%) ‘u, Vk = 2n7n € N.




Proposition 18 For x1, Xo, ..., X, independent random variables on I, Xy, ~ Nz(uk,ai), k=

1,2,...,n,
i i S
k=1 k=1

1-zp k=1

Furthermore, for X, independent identically distributed, x5, ~ Nz(u,0%), k=1,2,...,n,

1/n
[Tis 2% 2
(I ) e (2.
1+ (T 722

Finally, for x; ~ Nz(0,1), k=1,2,...,n,
(I 2

1+ (T 25

sn ~ N7 (nu, n02) and

)1/\/5
cu~N7(0,1).

)1/\/5

There is nothing special about maximum likelihood estimates of y and o2 in Z = (0,1), as they
are computed on the coefficients, but they allow us to compute (1 —+) confidence intervals around
the expected value or center of the distribution E [x], both for ¢ known and for ¢ unknown. In
the first case we obtain a shortest length interval in Z = (0, 1),

exp (ﬂ — Z’Yﬂﬁ) exp (ﬂ + Z,},/Qﬁ)
.u’
1+ exp (,&—zw/Qﬁ) 1+ exp (ﬂ—i—zwgﬁ)

where z, /5 stands for the 1 — /2 quantile of the standard normal distribution in R, while for o
unknown we obtain a shortest expected length in Z = (0, 1) interval as

exXp ([L - tn,’y/2ﬁ) exXp ([1’ + tn,'y/Zﬁ)
. u’
1+ exp (ﬂ—tn)v/Qﬁ) 14 exp (ﬂ-ﬁ-tn’,y/gﬁ)

-ua

)

where t,, - /o stands for the 1 — /2 quantile of Students t distribution in R.

Example 4. Let us now study the case & = (0,1) x (0,1) = Z? C R?, which is a two dimensional
Euclidean space. Any random vector x with support space Z2 can be expressed as

1 GOwidln

®W23
— X 1—1‘2

x=1In
1

x2
17{132

and [ln %7 In } is a real random vector.

1

Definition 11 A random vector x is said to follow a bivariate normal distribution on I? with
parameters py, W, 01, 02 and p if its density function is

Ty T2 1 A
x - 1 71 = . —_ |,
Sy =1 (n -z nll“z) 2ro109(1 — p2)1/2 oXp ( 2(1p)2)

where

2 2

<1n ooy — m) 2p (ln oo — ul) (ln oo — uz) (ln Toa — Mz)
A= 2 - + 2 J

o7 0109 g5

0<z <1;0< 29 <1; py,pe € Ry 0 < 01; 0 < 095 |p| < 1. We shall write for short
x ~ Nze (p1, pa; 07,03, p).



Proposition 19 For 1 = pus =0, p =0 and 01 = 02 = 0, the components of x are independent.

In fact, we know that the property is true on the coefficients and, as each component is uniquely
associated to a coefficient, the property holds also for the components, as we have

xq T9 1 T2
e = (2 ) = () e () = ) )

Proposition 20 The moments of a random vector x ~ Nze (u1, u2; 03,03, p) satisfy the following
properties:

_ [ewlu) _expm) .
(a) By [x] = [He‘ip’&l), 1+e§p‘222>] U,

2] — [_expei+ud)  _exp(o3+u3) | yyr.
(b) Bz [x?] = [Hexp(fferuf)’ 1texp(03+pu3) U

_ [_owted) _exn(od) .
(C) M%Q [X] - |:1j}rer))(p(;'f)’ 1iezp(2t‘7§)] ' U/’
(d) ME, [x] = [5,3] - U, Vk=2n+1neN;

k N cxp((kfl)(k73)-~3-1~af) cxp((kfl)(kffﬁ)m&l-ag)
(¢) Mz [x] = {1+exp((k—1)(k—s)msq-af)’ Ltexp((k—1)(k—3)--3-1-05)

‘U, Vk=2n,neN,

where U = [uy,uy] is the canonical basis of R? in which the observations are measured.

In this case, the parameter p can be obviously interpreted as a measure of linear dependence both
between the real random coefficients and between the components.

Example 5. Let us now study the case £ = S* C R3, which is a two dimensional Euclidean
space. Any random vector x with support space S? can be expressed as

—In—,—1In
V2 w6 x3xs

1 1
X = [ T mﬂz} @W’,

and

]

is a real random vector. The normal distribution on SP, D > 1, has been extensively studied in
(Mateu-Figueras, 2003).

Definition 12 A random vector x is said to follow a bivariate normal distribution on S with
parameters py, W2, 01, o2 and p if its density function in the basis W can be expressed as

1 X1 1 12

1 A
V2 e Ve nﬂ?s%s) " 2royon(1—p2) 12 P <2(1 —P)z) ’

b =1

where

2 2
(Frms-m) 2(Hhz-m)(Ghazn-m) (Fonss-mw)
o? 0102 3 ’

A:

0<w;0<a2;0<23; 11 +22+23=1; 1,2 € R; 0 < 01; 0 < a5 [p| < 1. We shall write for
ShO?”tXNNSS(,LH,N?;U%?U%MD)'



Note that the expression of the density function depends on the basis chosen, but at the same time
we know that an orthonormal transformation will be enough to move from the expression in one
representation to another.

Proposition 21 For uy = pues =0, p =0 and o1 = 09 = o, the coefficients of x are independent,
but this is not true for the parts or components.

In fact, we know that

1 T 1 12 1 I 1 T1X9
fx(x =f<1n,ln =fil—=In— ) -fo{—=In ,
x(x) V2 m’ 6 x3xs V2 xo V6 3z
but this expression cannot be written as the product of three density functions, each associated
to one of the parts of the random vector x. Actually, f; is a possible expression for the density
of the subcomposition C |21 - uj; + 23 - uz]. As the only possible concept of independence in the

simplex is associated to subcompositions, this particular case corresponds to a degenerate situation
(Egozcue, personal communication).

Proposition 22 The moments of a random vector x ~ N> (i1, ji2; 03,03, p) satisfy the following
properties:

(a) Ess [x] =C [exp % (\/§u2 + ,ul) -uy + exp % (\/g,ug - ,ul) “Ug + u:a} ;
(b) M2, [x] =C {exp % (V303 +0f) -us + exp% (V303 — o) s + 113:| ;
(c) Mg [¥] = [3,3.3] U Vk=2n+1neN,
where U = [uy,us] is the canonical basis of R? in which the observations are measured.

The other two properties related to moments—present in previous examples—have been left out
due to their complicated expression. Nevertheless, the fact that Egs [x] is the closed vector of
medians (Aitchison, 2002) is possibly an indication that it is worthwhile to study them in more
detail.

Note that in S3, the parameter p cannot be interpreted as a measure of linear dependence between
the components, despite it is certainly one for the coefficients.

6 Conclusions

Statistical analysis on coefficients with respect to an orthonormal basis is not only possible, but
also facilitates the study of phenomena which sample space is an arbitrary Fuclidean space £. In
fact, all standard results valid for real random variables or vectors transfer automatically to the
random variables with support £, thus making mathematical proofs trivial and computation easy.
Nevertheless, this approach is in general not intuitive at all, at least up to now, and the expression
of standard results in terms of the vector space operations in £ is not always easy. Therefore, still
a large amount of work is required to make out of the available tools accessible methods for most
of the applied scientists which might need them.
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